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ABSTRACT

The United States Navy requires radical and innovative
ways to nodel and design multi-function phased array radars.
This thesis puts forth the concept that Genetic Al gorithns,
conputer sinulations that mrror the natural selection process
to develop creative solutions to conplex problens, would be
extrenmely well suited in this application. The capability of a
CGenetic Algorithm to predict adequately the behavior of an
array antenna with randomy |ocated el enents was verified with
expected results through the design, construction, devel opnment
and evaluation of a test-bed array. The test-bed array was
constructed of commercially avail able conponents, including a
uni que and innovative application of a quadrature nodul ator
mcrochip used in comercial comunications applications.
Corroboration of predicted beam patterns from both Genetic
Al gorithm and Method of Monents cal culations was achieved in
anechoi ¢ chanber neasurenents conducted with the test-bed
array. Both H-plane and E-plane data runs were nmade wth
several phase-steered beans. In all cases the neasured data
agreed with that predicted from both nopdeling prograns.
Al though time limted experinments to beam form ng and steering
wi th phase shifting, the test-bed array is fully capable of
beam formng and steering though both phase shifting and

anpl i tude tapering.
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| NTRODUCTI ON

A. MOT| VATI ON

Naval warfare evol ves under the pressure of new m ssions,
new operational environnments and newly applied technol ogy.
Wile a warship’s ability to put ordnance on target in an
accurate and tinely manner has renai ned constant, the targets,
the ordnance and notions of accuracy and tineliness have
changed radically from the days of sail, as the swords and
muskets of yesteryear gave way to stealth cruise mssiles and
the AEA S conbat systens d today. This thesis asks if the
conbination of wdely available, inexpensive radio frequency
(RF) sem conductors, high performance conputers, evolutionary
conputation, and the growing needs of ballistic mssile
defense for nore exacting identification of detected objects,
can conme together to produce a radical inprovenent in
af fordabl e warship sensor performance. In particular, can
cellular phone transmt chips, configured randomy in three
di mensi ons, produce the transmt beans predicted by beam
form ng conputer codes based on genetic algorithns? The short
answer presented here is a resoundi ng YES.

The inplications for future warship design include:

Ful | exploitation of the 150-200m size of warships for
antenna apertures, which could |lead to high resolution
radars at VHF/ UHF frequencies that nmay be conpetitive

with X-band Cobra series radars for space tracking.



Lower ed singl e-point-of-failures vulnerabilities

conpared to previous radars, such as AEA S AN SPY-1.

New topside antenna designs, where antennas for all
conmbat system functions including a full range of
communi cations, signal intercept, fire control, search
and track, etc., are integral or conformal to the

ship’s hull.

New design opportunities for reducing the ship's RF
and IR signatures when coupled to the flexibility
prom sed by el ectrical propulsion.

Real i zation of the oft-prom sed proportional reduction
in cost, as per for mance requi rements are
proportionately reduced, because the performance of
the phased array discussed in this thesis is directly
proporti onal to the nunber of Transni t/ Recei ve

el enments bought, installed, and operated.

1. What i s Happening in Warshi p Desi gn Today?

The Navy has not built a revolutionary surface warship
design since the introduction of the AEG S fleet, and that was
based on a conventional existing hull. The AEGQ S conbat
system architecture and i npl enent ati on constraints
technologically belong in the late 1960's and early 1970’ s.
The quality of the system architecture has proven to be a
sturdy foundation for the evolution and growh that has been
seen over the last 25 years. But as RADM Wayne E. Mayer, the
Father of AEGQ S, observed in the early 1990's, AEG@S is 25
years ol d, conceptually, and the future fleet nust be grounded



in the technol ogical opportunities of today, not 1965, or 1995
for that matter, to neet the mssions of the first half of the
twenty-first century. AEGQ S, the Navy’'s primary answer to the
cruise mssile threat created by the forner Soviet Union, had
the effect of extending the effective life of carrier task
forces. The issue for today, still under intense debate, is
what should the future fleet be designed to do? There are the
chanpions for the carrier battle groups and crusaders for
clusters of small ships closely coupled to build aggregate
sensor and firepower capability conparable to that of nost
exi sting conbatants. The issue is far from settled. The
pressure fromthe current admnistration in the Departnent of
Def ense (DoD) is for “transformation”, not just reform  That
means, a paradigm shift in what we are doing and not just a

mar gi nal i nprovenent.

The work presented in this thesis offers a technol ogy
t hat can nake possi bl e conbatant designs that support the nost

critical m ssion areas.

2. Revol utionary Sol ution

What if the radar could be designed on the ideal ship
architecture instead of designing the ship around radar, which
is a current AEGS situation? If the ship's structure
m nimzed radar cross-section and naxim zed survivability and
maneuverability, and the ships sensor systens were nolded into
this shape, the ship would break the paradi gmof current naval
architecture. Wat if these radiating elenents could serve as
bot h radar and conmunications links, elimnating the seem ngly

hundreds of masts and antennas populating current ship

3



superstructures? What if the entire length of the ship were
made the array aperture? Target resolution would be increased
magni t udes. For exanple: the typical AEG S radar is roughly 4
meters across operating frequency (n) at roughly 3GHz. This
provi des a base wavelength (I ) of 10 centineters or 1/10 of a
nmet er. If instead, the array were the entire length of the
AEG S cruiser, roughly 200 neters, operating on the sane
frequency and wavel ength, the resolution would be increased 50
tinmes. This could allow for the radar to inmage threats.
Al t hough there are current imaging radars in the fleet today
(I SAR, SAR, SARTIS, NCTR), the systens require high frequency
radar |ock-on emulating fire control solutions. The target
may assume this is hostile intent or hostile act to retaliate
accordi ngly. The new high-resolution radar would alleviate

this confusion in would not violate rules of engagenent (RCE)

Al ternatively, frequency could be greatly reduced while
mai ntaining the sane resolution. The advantages of using
VHF/ UHF wavel engt hs include |onger range detection, reduced
counter-detection, and anti-stealth or stealth defeating
detecti on.

The purpose of this thesis is to show that Cenetic
Algorithnms are capable of designing random elenent phase
arrays. Phase One was the topic of “Genetic Algorithnms as a
Tool for Phased Array Radar Design”, Master’s Thesis by Jon A
Bartee, LT, USN, June 2002. In this phase, a passive or
receive array of 24 elenents was used to verify initial
genetic algorithns capabilities and possibilities. Phase Two,
the subject of this thesis, is to assess whether the Genetic

Al gorithm works as a design and beamform ng tool for active

4



or transmitting phase arrays. Additional thesis objectives
were to use silicon based comopdity mcroprocessors to
evaluate the possibilities of wusing these conponents and

future radars and communi cati on applications.

The process of using genetic algorithms in radar design
has many advant ages. Running a series of genetic algorithm
progranms can determ ne the evol ved array configuration that is
conpatible wth the naval architect’'s design criteria. The
initial Phase One project dealt with a two-dinensional planar
radar. Phase Two enploys a three-dinensional radar, proving
t he robust capability of the GA, allow ng the naval architect
to place elenments based on optimal solutions and not
restricted to traditional design concepts. The algorithm can
choose available |ocations provided by the naval architect
after vital services are in place; basically where convenient,
i nstead of plunbing services based on radar |ocation. Genetic
al gorithnms have no favoritism no loyalty, and no inclination
toward a previous solution in order to predict the best
solution or the desired sol ution. The solution generated is
one presented based on optimal performance. Additionally, due
to variably spaced element |ocations, survivability is
i ncreased. For exanple: an AEG@S cruiser in a shipyard
overseas on a deploynent had catastrophic failure to one of
its arrays when a shipyard crane hit the array face. Thi s
destroyed one quadrant of the radar surveillance and
engagenent capability. Wth nultitudes of elenents spaced
t hroughout the entire construction of the ship, damage to a

few el ements woul d have a m ni mal inpact on radar perfornance.



B. SCOPE AND ORGANI ZATI ON

1. Scope
This Phase Two thesis will test a Genetic Algorithm
program cal l ed “EXTHI N5. nf. The perfornmance neasurenents were

taken on an active phased array radar antenna constructed
entirely with comopdity available “off-the-shelf” hardware.
The program code tested was one that constructs the antenna

patterns and cal cul ates the effectiveness of the sol ution.

2. Pri mary Research Questions

a. Is it feasible to build a phased array radar wth

readi ly avail able commerci al/commodity conponents?

b. Can the EXTHIN5.M GCenetic Algorithm (GA) code
actually beam form for digital phased array radar operations
including thinned, distributed, disjoint and reconfigurable

aperture geonetries?

3. Or gani zati on

Chapter Il is a discussion of conputational analysis for
CGenetic Al gorithns. Popul ation design is discussed and the
coordi nate system used is explained. Specification of the

fitness criterion used and the genetic operations perforned is
descri bed. The decision making process is then illustrated
t hrough the use of the actual EXTHI N5. m code using paraneter
val ues that were utilized in the design of this active phased

array radar. A walk though of the progranm ng deci si on nmaking

6



process is conducted and a review and summary of all GA runs

IS presented.

Chapter 111 lays out the experinental objectives to
determine the effectiveness of the GA as a radar design tool
and discusses the follow ng topics: goal s and objectives;
r adar conmponent sel ecti on, desi gn and construction
instrunmentation for neasurenent and eval uation; description of
antenna array conponent selection and construction including
conponent verification and calibration, subassenbly test and
verification; a detailed discussion on the anechoic chanber
antenna neasurenents and evaluation; and a summary the

experinmental results achieved with error anal ysis.

Chapter |V discusses the conclusions made in this thesis
and recomendations for follow-on research projects and

obj ecti ves.

Appendix A is the glossary of terns and abbreviations

used within this thesis.

Appendix B is basic genetic algorithm theory and is an
excerpt from “Cenetic Algorithns as a Tool for Phased Array
Radar Design”, Master’s Thesis by Jon A Bartee, LT, USN, June
2002.

Appendi x C displays an inventory of the major conponents

used to build the radar.

Appendix D provides the active phased array elenent

| ocations in the XYZ plane for this thesis experinent.

7



Appendi x E contains the Master Equipnment Configuration
and all sub-system schenatics.

Appendi x F lists PIN-QUTS for the various AD8346EVAL CCA
control signal cables at the term nal block interface.

Appendix G lists the OFFSET's required for the LabVIEW
program Conversi onFinal .vi, which equate to the neasured path
| ength error for each of the twenty-four elenents.

Appendi x H defines the cable nunbering convention used in
this project.



1. GENETI C ALGORI THVS

A USI NG COMPUTATI ONAL ANALYSI S FOR GENETI C SELECTI ON

Survival of the fittest: Darwin's theories of nature's
rules of natural selection have been the topic of nunerous
studies in all areas of science. Fam |lies of biological
organisms inprove their ability to survive through a
generational process of optimzation. Evolutionary processes
occur in biological systens when the organism has the ability
to reproduce itself, there is a population of such organisns,
there is variety anong the nenbers of the population and that
variety can be related to the ability to survive in the
envi ronnent . ! Through reproduction and breeding, superior
survi val traits can be mximzed in each successive
generation, while undesirable characteristics can be reduced
and even elimnated over tine. I ndividuals in a popul ation
that are the best suited to survive generally receive
favorable treatnment in the reproductive process; but note, not
only the Dbest-suited individuals produce offspring. A
popul ation’s vitality depends on its genetic variety or
diversity just as nuch as on the superior individuals.
Wthout this mxture of traits wthin the population,
adaptation to the continuously changing environnent would
cease and the popul ati on eventual |y stagnates.

Genetic Algorithnms work along simlar lines to optimze
other systens at a higher rate and at a |ower cost versus
undirected “trial and error” nmethods of production or
eval uati on. Wth the conputer’s ability to do mllions or

9



billions of repetitive calculations at ultra-high speed, it is
now possible to replicate the outcone of hundreds of
generations in a reasonable tine. The true challenge is
nodel i ng what process or outconme is desired though genetic
al gori t hmns. In developing the program or *“code”, it is
necessary to determ ne what the problemis and how it can be
put into a program in a form for exploration by a digital

processor.

A review of basic genetic algorithm theory (an excerpt
fromBartee) is included as Appendix B for those not famliar
with Phase One of the project and the GCenetic Al gorithm

process.

B. THE EXTHI N5. M CODE

Certain aspects of the Genetic Algorithm (GA) code nust
be discussed in order to fully understand the thought process
i nvolved in designing the EXTHIN5. m code. Only then can the
application of this code to phased array radar design be
under st ood. Witten in MATLAB?> progranm ng | anguage,
EXTHI N5. m was devel oped by Dr. Rodney Johnson of the United
States Naval Postgraduate School. The EXTHI N5. m program is
proprietary and not contained within this thesis. Questi ons
regarding the code should be directed to Professor Rodney
Johnson. The code was tailored to the problem of beam
shapi ng/ beamform ng and steering using phase shifts and,
potentially, anplitude tapering on an active phased array

radar with arbitrarily positioned el enents.

10



1. Popul ati on Desi gn

Each individual population nenber is characterized by
physi cal radar design paraneters: an anplitude and phase for
each array elenent. For phase-only beam form ng, each
or “off”. The Genetic
Al gorithm chooses values for these paraneters to evolve

“anplitude” is a single bit: on
antenna patterns, selecting those that maxinmze a given
“fitness” criterion. In the work reported here, the criterion
was the ratio of the main beam peak to average sidel obe | evel.
The EXTHI N5. m code was designed to show that antenna patterns
simlar or superior to those obtained by conventional mnethods
coul d be forned, sonetines even using fewer elenents.

In experinents with a predecessor to EXTHIN5S. m a thinned
10l x10 array was used. A fully populated array of that size
has 400 el enents spaced at | /2 intervals. These were repl aced

with 100 el enments randonmly located in the same 10l x10l area.

For conparison, an antenna pattern was conputed for a
boresi ght beam dead center and normal to the array surface,

with all elenents active or “on” and all phases set to zero.

Figure 1 on page 13 displays the results of the above case
versus the GA's inproved performance. The GA was able to thin
the array by 17 elenents or 17 percent, while providing the
same or increased radar performance exenplified by the peak
main | obe to average sidelobe ratio. Turni ng unnecessary
el ements off, and conpensating for themw th phase shifts from

the other el enents achieved this result.

11



Herein lies the problem which elenents can be turned
off? This unusual determination is part of the unique nature
of the GA. An engi neer, through years of experience, mght be
able to thin the array, but it would be through “trial and
error” involving trenmendous |aboratory and tinme resources.
Even then, the final result may not be the best, since all
pernutations may not have been fully realized or even
expl or ed. It is this fact that allows the GA to realize its

full potential as a design tool.

W thout verification, one cannot be assured EXTHINS.m is
a valid design tool. Phase One explored a 7.6GHz two
di rensi onal, passive or receive array with 24 elenents and
phase shifting only. Phase Two was selected to denonstrate
the EXTHI N5. m code using a 2.4GHiz, three dinensional, active
phased array antenna wth phase shifting and possible
anpl i tude tapering. The nunber of elenents renmained at 24 as

a result of cost and fabrication considerations.

El ement |ocations were selected using random nunbers.

The GA thus seeks the best patterns subsequent to sel ection of

t hese el enent |ocations. Each of the elements has two data
paraneters: anplitude and phase. Initially, anplitude was
either “on” or “off”. Later, through anplitude tapering,
specific values of anplitude can be used. Each antenna

pattern is defined by forty-ei ght uni que data el enents.

Figures 1 and 2 display the results fromthe earlier GA
program for the 100-element planar array of size 10 x10 .
Three successive runs were conpleted, with varied GA

paraneters. The popul ation was set at 5000 nenbers. The

12



distribution of the initial population for the first run was
random y determ ned, while the subsequent two runs were each

seeded with the results fromthe previous run.

* - selected (83 elements) o0- not selected (17 elements)

“Pattern rkav-1" { * : selected. o : not selected.)
10 T T T T T T T T

o *

-

* #

Figure 1: One-Hundred El emrent Random Array
(Johnson 13 April 20023
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"Pattern 0s" (all 100 elements, O phases; correctly scaled)

’ All 100 elements on.

16 s in main ]obe
: 5 Peak/ave: 19.85 dB

“Pattern rkav-1" (83 of 100 elements; rank/average; 2000-06-04)

Pop: 3000 :
: _ _ 200 pairs per fithess evaluation
L i 300 generations
1af 83 elements on. :

' : Peak/ave: 20.25 dB

20

13_ ............. ........ 3

12

M DN R O ®

Figure 2: Conventional Solution for 100 El emrent Random Array
(Johnson 13 April 2002%
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2. Coordi nate System

Spherical coordinates were wused since they are the
standard for expressing antenna patterns at a constant range.

Figure 2 displays the typical polar coordinate system Her e
u, v, and w are the conponents along the x, y, and z axes

respectively of a direction vector for which an antenna
pattern is to be eval uated.

Coordinates

& arimuth An antenna array pattern 18
L g : devation

a function of direction
in space, given by
gpherical coordinates
(i ). For plotting, it 12
convenient to use the
projection (w,¥) from
the sphere to the plane:
=08 @08

v =co2 gein &
W= &in @

Fi gure 3: Coordinate System (From Johnson, 15 August 2001)

3. Fitness Criterion

The ratio of peak main | obe power to estinmated sidel obe
average power is the neasure of fitness for our purposes. The
di nensions of the anechoic chanber at Naval Postgraduate
School were used for initial EXTH N5.m program cal cul ati ons.
The di stance fromthe feed horn receiver to the antenna itself
is nineteen feet. It was determined that this would be in the

near field of the array based upon the follow ng cal cul ati on:
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R=D?/1;:D=8

\ R=641 =8m
The value of R is the range of the near field, | is the
radi at ed wavel ength, and D is aperture size in wavelengths. A
near-field approximation for the main |obe focused nineteen
feet was used. Aver age sidelobe strength was estimated by
using the magnitude squared of the electric field, which is
proportional to the power, over a set of random of points on
t he hem spherical surface in front of the antenna at a radius
equal to the feed horn distance. The nunber of sanples of the
si del obe points varied fromrun to run, but increases as the
popul ati on evol ved. Typical sanple rates start in the
hundreds of points and usually are several thousand by the
completion of the final run. This increase of sanpled points

ensures there are no large hidden | obes within the result.

The EXTHINS. m code uses a pattern builder function to
conpute the power at various azinuth/elevation angles. Thi s
required calculating the antenna pattern for each individua
of the population. In terms of field anplitudes for a

random y distributed array, this is given by:*

2m
G=(3/2mR*| & [AJ k{cosgplz)smj B/cosj }eszp' RereF
k=1

Where mis the nunber of elenents in the array, in this case
24. The anplitude bit is represented by the A term Wthout
anplitude tapering, Ais sinply 1 if the k'" element is on, and
0if off. Define X =(X,Y..,Z) where (k=1,..2m), which are the

16



coordinates of the base locations of the elenments in the
ground pl anes. These are in units of wavelength to avoid
witing x/I . Define dx =(dx ,dy ,dz) where (k=1,.,2m), the
di spl acenents from the ground plane |ocations to the dipole

centers. These have a magnitude of | /4 and are nornmal to the

ground planes. In the geonetry of the array of concern, these
are gi ven by dx, =(sin30,0,c0s30)/4 when X, >0,
dx, =(- sin30,0,c0s30)/4 when X, <0. Let x =X, +dx, the locations
of the dipole centers, and X,,=X,-dx, the locations of the
i mges of the dipoles, reflected in the ground plane. Let F,

equal the phase of elenment k, (k=1,..2m), and F,,  =F,+05

k+m

(k=1,..,2m) with units of cycles not radians or degrees. The

value R is the observation point (the location of the

f eedhorn), and R=|I?| where 0 in the unit vector in the

direction of R (R=R0). The value r,=R-% for (k=1,..2m) and
r.=|r]. The j, termis the conplenmentary angle between r, and
the unit vector | in the y-axis direction (sinjk:]-r‘k/rk). The
|« termrepresents the corresponding polar unit vector in the

plane of r, and |, and orthogonal to r,, pointing in the

direction of increasing | . (The polar coordinates j, are in

a systemwith the y-axis as the pole, and since that is the
direction of the orientation of the dipoles. They are not to
be confused with J in Figure 3, which has the z-axis as the

pole.) The term in the braces, Cosg.(p/Z)SkaO/COSJk, is the

el ement pattern for the hal f-wave di pole.
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The resulting pattern is sanpled at the chosen nunber of
points to determne fitness. |In Phase One, the value of Z for
all elenents was zero, i.e. the surface of the ground plane
was taken to be the X-Y plane. In this phase, the geonetry is
three di nensional, denonstrating engineering flexibility mde

avail abl e by using the GA concept as a design tool.

On the actual array, the dipoles are placed over a ground
pl ane to increase their directivity. Using images through the
pl ane permts the representation of an apparently infinite
ground plane. An image dipole is introduced for each dipole
el ement . The currents on the inage dipoles are opposite of
t hose on the source dipoles. Thus the equival ent problem for
the array over an infinite ground plane is a two-|ayer array
in free space.® Note: the two ground planes at an angle
conplicate this sinple picture. Each elenment’s inmmge is
obtained by reflection in the associ ated pl ane.

Since no antenna elenent has a perfectly isotropic
pattern, an elenment factor nust be enployed. The expression

for G above, without the termin braces, gives the so-called

“array factor”, G,. The array factor by itself was used in

the original 100 elenent conputations; however, for nore
accurate and realistic results, the elenent factor is a
necessity. The elenent pattern for the half-wave dipole is:

- A — l‘J .
G, cosg(p /2)sin] kG/COSJ K

This term is therefore included in the pattern builder
equati on previously presented. Mut ual el enment capacitive and
i nductive coupling and manufacturing differences between

el enents were assuned to be of negligible inmpact and ignored.
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The traditional Method of Mnments (MM cal culation rmethod
accounts for these effects. These effects are small enough
that the product of the array and elenment factors is a widely

used approxi mation.’

4. Cenetic Operations

Reproduction, nutation and crossover were all used in the
EXTHIN5S. m code (see Appendix B, Section B3); however
i nversion was not. Changing the order of each elenment’s phase
and anplitude would have an overly random zing effect and
would not be logical in supporting the desired result of
opti mal convergence of the beam pattern. The ratios and order
of each operation were varied fromrun to run in an effort to
pronote the introduction of “random innovation” as the
popul ati on nmenbers began to converge and | ose diversity. The
ratios are expressed in the order of a three nunber series
( REP: CROSS: MUTATE) representing reproduction, crossover, and
nmut ati on. Rank-proportional selection nmethod was used for al
oper ati ons. Crossover and mnutation operations were carried
out in the sane manner as “Cenetic Algorithns as a Tool for
Phased Array Radar Design”, Master’s Thesis by Jon A Bartee,
LT, USN, June 2002, as described bel ow.

Two points were wused in the crossover operation.
Selecting two parents proportional to rank and two randomy
chosen indices, i and j, that were in the range of 1 to N

with i always less than j were used, the values for the
“on/off” bit, A, were swapped between these two parents for k
in the range i<k<j, as were the phase setting, f,.

Additionally, the phases at the two ends were perturbed by a
19



random anount proportional to the difference between the
values for the two parents. The notivation for doing this was
to roughly approximate the behavior that would have been
obtained if the phases had been represented in fixed point
binary, bit-wise tw point crossover had been used, and the
endpoints of the interval had fallen sonmewhere within the
representations of the ith and jth phases.

The mutation operation was fairly straightforward.
Indices i and j were chosen in the sanme fashion as for
crossover. The elenents between these two indices had their
“on/off” bits replaced with a randomy selected value of
either 0 or 1. Each had equal probability. Li kewi se, the
phase val ues for elenents between the endpoints were replaced
with a new phase val ue, a random fl oati ng-poi nt nunber between
0.0 and 1.0.

5. Figures of Merit (FoM and Summary of GA Runs

In order to determne the relative degree of success for
the results of a series of Genetic Algorithmruns, as well as
get an idea of the conputational and tine resources required
to achieve the end results, a look at sonme of the nore
i nportant paranmeters and performance characteristics of the
EXTHIN5S. m code is in order. Particular attention should be

paid to which factors changed between runs and which did not.

The original program used for the first series of runs
was EXTHIN3.m  These six runs were evolved by EXTHI N3, which
used function “nfpatternd4d” for the pattern conputations.

While reviewi ng sonme of the data fromthe LE3 run pattern for

20



conparison with the MM conputations, it was determn ned that
the radiation from the dipoles and inmage dipoles to the rear
of the ground planes was not zero. This was not a problemin
Phase One, since the pattern in the negative-z hem sphere
wasn't included in the estimates of average sidelobe |evel
However, with the ground planes tilted by 30 degrees, part of
the pattern fromthe edges of the two sides intruded into the
positive-z hem sphere and had a small effect on the conputed
patterns. Therefore, a new function for conputing patterns

“nfpattern5”, was incorporated and the new program renaned
EXTHI N5.

The following points apply to all runs from both

progr ans:

Pentium 1V 2.4 GHz conputer used for all runs.

Ground planes were folded back 300 on each side yielding
a 1200 wedge angle for all runs.

Sel ection nethod was rank-proportional.

Popul ati on size fixed at 5000.

Fitness criteria was to maxi m ze the main-| obe-to-average
si del obe rati o.

Beam focused at 46.362] (approximately 19 ft), which is
the feed horn distance in the anechoic test chanber.

Const ant frequency: n=2.398340GHz (| =0.125m.

For each steering angle, four successive runs were nade,
with the population fromthe |ast generation of each run
serving as the initial population for the next. The
initial population for the first run of each set was

generated randomy.
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The four runs for each steering angle used the follow ng

par anet er s:

RUN 1 2 3 4
NUMBER OF 36 36 15 0
GNERATI ONS

REP: CROSS: MUTATE | 20: 79: 01 18:80: 02 15:80: 05 N A
RATI O

FI TNESS SAMPLE 500 1000 2400 7200
SI ZE

The fourth run (0 generations) did not create a new
popul ation; it sinply re-estinmated the fitness val ues for
the final population with a |arger nunber of sanples.
Sonetines this led the program to select a different
i ndi vidual fromthat selected at the end of run 3 as best
of generation. For each individual selected as best of
generation, the programprints two fitness estimates: (1)
the estinmate based on the nunber of random sanples
indicated in the table above, and on the basis of which
the selection is made; (2) a presunably nore accurate
estimte based on a fixed grid d 16641 sanple points.

When the latter estimate indicated that the sel ected best
i ndividual fromrun 4 was better than the one fromrun 3,
the run 4 results were accepted as the end result of the
set of runs; otherwise it was discarded and the run 3
results were accepted. (The fitness difference between
the two individuals was generally quite small.) Fitness
val ues reported below represent estimate (2), based on

the large fixed grid.
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For

each set of runs, the following information is presented.

Steering direction is in polar coordinates (qj); f is

the “elevation” or altitude of the vector above the xy
pl ane (the conpl enent of the angle with the z-axis); q is
the "azimuth" or the angle of the projection of the
vector into the xy plane, neasured counterclockw se from
the x-axis. (See Figure 3)

The corresponding direction cosines are u, v, and w with
respect to the x, y, and z-axes.

The corresponding y-based polar coordinates of bearing
and el evati on. “El evation"” is that of the vector above
the zx plane (conplenent of the angle with the y-axis),
and bearing is neasured in the zx plane, counterclockw se
from the z-axis. (So a positive bearing is on the
positive x side, which is left if you stand at the origin
and face in the direction of the z-axis.)

Angl es between the vector and the nornmals to the two
ground planes, on the -x and +x sides (in that order).
Nunmber of runs. The value 4 indicates that the result of
run 4 was accepted as the final result; a 3 indicates
that it was rejected and the result from run 3 was
ret ai ned.

Fitness values for the individuals selected as best of
generation at the end of each run.

Logarithmc fitness values (in dB) directly below in the
same order.

Number of "on" elenents on the —-x and +x sides (in that

order).
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Table 1 summarizes the results for all GA run geonetries
examined with EXTHIN3. m while Table 2 lists the data from
EXTHI N5. m r uns.
PARAMETER RUN LE3 LE4 LE5 LE6 LE7 LE8
TITLE
STEERI NG || DESI G || BROADSI DE ZX PLANE ZX PLANE ELV 500 ELV 480 ELV 300
DI RECTI ON R 450 FR 600 FR ABOVE ZX ABOVE ZX ABOVE ZX
BORESI GHT -X AXI'S -X AXI'S PLANE PLANE PLANE
200 TOMRD| 120 TOMRD| 200 TOMRD
+x AXI'S +Xx AXIS +X AXI'S
STEERING [ g 000 180 180 073.9871 | 079.3967 | 059. 3577
DI RECTI ON
(ZPOLAR) M ¢ 090 045 060 037. 1586 | 040.8824 | 054. 4687
DIRECTION| u 0.0 -0.7071 | -0.5000 0.2198 0.1391 0. 2962
COSl NES
v 0.0 0.0 0.0 0. 07660 0.7431 0. 5000
w 1.0 0.7071 0. 8660 0. 6040 0. 6545 0.8138
Y-BASED [ brg 000 - 045 -030 020 012 020
PCOLAR
CORD' S [ elv 000 000 000 050 048 030
mD -X 030 015 000 065. 5955 | 060. 1810 | 56.1741
NORMALS +X 030 075 060 050. 7265 | 050.4775 | 31.4749
# OF RUNS 3 4 4 4 3 4
FITNESS [[RIN1 | 54.3684 | 26.8466 | 38.4750 8.2967 10.7832 | 25.8931
RUN2 | 60.9952 | 28.1510 | 41.9305 9. 4503 12.1283 | 30.1996
RUN3 | 62.6099 | 28.1772 | 43.1296 9. 4421 12.3672 | 30.1131
RUN 4 N A 28.2121 | 43.2224 9. 4979 N A 30. 1324
FI(TdNBE)SS RUN1| 17.3535 | 14.2889 | 15.8518 9.1891 10. 3275 | 14.1318
RUN2 | 17.8530 | 14.4949 | 16.2253 9. 7545 10. 8380 | 14.8000
RUN3 | 17.9664 | 14.4990 | 16.3478 9. 7507 10. 9227 | 14.7876
RUN 4 N A 14.5044 | 16.3571 9.7763 N A 14.7903
NUMBER OF | - x 11 11 11 11 11 11
ELEMENTS
ON +X 13 0 13 13 13 13
Tabl e 1. Sunmary of GA Run Results EXTHI N3 and nf pattern4.
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PARAMETER RUN LE13 LEL8 LE19 LE20
TI TLE
STEERI NG DESI G BROADSI DE ELV 300 ABOVE ZX- PLANE ZX- PLANE
DI RECTI ON R ZX PLANE 100 TOMRD 100 TOMRD
BORESI GHT 200 TOMRD -x AXIS. +x AXI'S.
+X AXIS
STEERI NG q 000 059. 3577 180 000
DI RECTI ON
(Z- POLAR) f 090 054. 4687 080 080
DI RECTI ON u 0.0 0. 2962 -0.1736 0.1736
COSI NES
v 0.0 0. 5000 0.0 0.0
w 1.0 0.8138 0.9848 0.9848
Y- BASED brg 000 020 - 010 010
POLAR COCRD S
elv 000 030 000 000
GROUND - X 030 56. 1741 020 040
PLANE
NCRVALS +X 030 31.4749 040 020
# OF RUNS 3 4 4 4
FI TNESS RUN 1 55. 1422 26. 7759 57. 8788 56. 4086
RUN 2 63. 2261 30.5780 59. 1943 60. 5341
RUN 3 63. 6248 30.7044 59. 4725 62. 7498
RUN 4 N A 30. 8156 59. 7020 62.9194
FI(le\éESS RUN 1 17.4148 14. 2274 17. 5495 17.5135
RUN 2 18. 0090 14. 8541 17.7228 17. 8200
RUN 3 18. 0363 14. 8720 17. 7432 17.9761
RUN 4 N A 14. 8877 17. 7599 17.9878
NUMBER OF - X 11 11 11 11
ELEMENTS ON
+X 13 13 13 13
Tabl e 2. Summary of GA Run Results EXTHI N5 and nf pattern5.
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I1'1. EXPERI MENTAL VERI FI CATI ON OF THE GENETI C
ALGCRI THM AS A RADAR ANTENNA DESI GN TOCL

A DETERM NATI ON OF GA CAPABI LI TI ES AND EFFECTI VENESS

Validating the versatility of the GA as radar design tool
was a chal |l engi ng undertaki ng. Radar systens are traditionally
expensive to devel op, test, and evaluate. MIllions of dollars
are spent every year in the effort to push the envelope in
radar design and performance. Wth only the Phase One initial
work to refer too, and no physical transmt GA designed radar
hardware, an entirely new antenna system was designed,
devel oped, built, t est ed, and evaluated wth thorough
docunentati on throughout the process. Whil st the basic
functions of the EXTHI N5. m code were discussed and eval uated
in Bartee, a nore robust code would be required for Phase

Two’ s active array.

B. MEASUREMENT GOALS AND OBJECTI VES

Phase One of the project validated the use of the GA for
a two-dinensional, 7.6GHz, randomy |located and sparsely
popul ated passive receive array. For this thesis, the
obj ective was to build an entire antenna system from conmodity
avai l able hardware, while still testing the robustness and
versatility of the GA It was decided that the direction of
research with regard to the radar geonetry would be a three-
di nrensional, 2.4GHz, randomy |ocated and sparsely popul ated
active transmtting antenna array. The objectives evolved to

the npre robust, diverse, and form dabl e tasks as foll ows:
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Construct 24 elenent, three-dinensional, dual ground-
pl ane, active phase array using commercially available
conponents.

Use the genetic algorithm to find phase and anplitude
val ues for the solution to the beamform ng probl em
Denonstrate phased array steering and nmeasure beam shape
in the anechoi c chanber.

Conpare neasurenents obtained in anechoic chanber wth
the genetic algorithm predictions and nethod of nonents
(MoM cal cul ati ons. Apply error analysis to any
conflicts within the data, from the three nethods of
calculations. After applying error factors, determne if
three nethods correlate, validating genetic algorithm

predi cti ons.

It was from these objectives that this thesis’ experinental
basis wth regard to the Genetic Algorithm versatility

evol ved.

C. RADAR COMPONENT DESI GN AND CONSTRUCTI ON

Frequency selection was crucial to project success given
the limted resources. Wile a higher frequency would yield a
physically smaller array, |ower frequency conponents are nore
readily commercially available. Staying in the silicon sem-
conductor realm was desired due to | ow cost and availability.
Wth the assistance of M. James Alter of the Naval Research
Laboratory’s Radar Division, two possible phase shifter
circuit cards were considered. Analog Devices, Inc. has two
cormercially available quadrature nodul ator m crocircuit

eval uati on boards, the ADS345EVAL and ADS346EVAL. VWhile the
28



| onest possible frequency was desired, there was a trade-off
with regard to array size. As frequency goes down, array size
and wei ght grows. A bal ance between the |owest desirable
frequency and |argest array geonetry had to be reached. A
10x10 wavel ength (1) array was desired; so a 1.0GHz frequency
woul d have yielded a 3.0nx3.0m array geonetry that would be
quite bul ky, unwi eldy and heavy. The frequency selected was
2.4GHz, which was the best conbination of a |ower frequency,

coomodity available conponents, wthin the range for the
AD8346EVAL, and vyielded a 1.0nx1l.0m array (wavelength of
0.125m and array size of 8 x8 ). This frequency was al so well

within the range of the Naval Postgraduate School’s anechoic
test chanber neasurenent capabilities, which nade radar
eval uation nuch easier since a specialized chanber was not

required.

1. Verification O  AD8346EVAL Quadrature Mbdul ator
Phase Shifter Functionality

a. Product Description

The Anal og Devices Inc. (ADI) AD8346 is a silicon
RFIC 1/Q nodulator for wuse from 0.8G# to 2.5GH. Its
excel l ent phase accuracy and anplitude balance allow high
performance direct nodulation to RF. The differential LO
input is applied to a polyphase network phase splitter that
provi des accurate phase quadrature from 0.8GHz to02.5 GH.
Buffer anplifiers are inserted between two sections of the
phase splitter to inprove the signal-to-noise ratio. The
i nphase (1) and quadrature (Q outputs of the phase splitter
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drive the LO inputs of two Glbert-cell m xers. Two
differential V-to-1 converters connected to the baseband
i nputs provide the baseband nodul ation signals for the m xers.

The outputs of the two mxers are summed together at an
anplifier that is designed to drive a 50W | oad. Thi s
quadr ature nodul ator can be used as the transmt nodulator in
digital systems such as PCS, DCS, GSM CDMA, and |[|SM
transceivers. The baseband quadrature inputs are directly
nodul ated by the LO signal to produce various QPSK and QAM
formats at the RF output. Additionally, this quadrature
modul ator can be wused with direct digital synthesizers in
hybrid phase-locked loops to generate signals over a wde
frequency range with mllihertz resolution. The AD8346EVAL is
supplied in a 16-1ead TSSOP package, neasuring 6.5x5.1x1.1 mm

It is specified to operate over a —-40°C to +85°C tenperature
range and 2.7 VDC to 5.5 VDC supply voltage range. The device
is fabricated on Analog Devices’ high performance 25 mcron
bi polar silicon process.? Figure 4 is the electrica

schematic of the AD8346EVAL m crocircuit.
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b. Appl i cation

The intent of the project was to use comercially
avail able solid-state conponents for phase shift, and later
anplitude tapering, in the phased array radar. Since the
frequency selected was 2.4 GHz, the ADB346EVAL board was
sel ected for bench test to determne if this readily avail able
m crochip could serve as a phase shifter. Initial bench tests
were conducted to neasure phase shift capability and accuracy.
According to AD engineers, this circuit card would allow for
ni nety-degree phase shifts, or phase shifts in quadrature;
however, with the assistance of M. Janes Alter, a test plan
was developed to determine if precise phase control at

arbitrary angles could be achieved.

The AD8346EVAL circuit card assenbly (CCA) will only
work with positive DC voltages for phase control in this
application. There are four input pins: in-phase negative
(IN), in-phase positive (IP), quadrature positive (QP), and
guadrature negative (QN). To shift phase when a negative
value of | or Q was needed, positive voltage was applied to
t he negative input pin. The phase shift quadrant determ nes
which two pins receive control voltage signals, while the
other two are set to zero or ground. Figure 5 displays the

typi cal conpl ex phasor plane.
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QUADRANT II QUADRANT |
CONTROL CONTROL
PINS PINS
IN & QP IP & QP

Asin(THETA)

180

i
| 000
Acos(THETA)

QUADRANT 1l QUADRANT IV
CONTROL 270 CONTROL
PINS PINS

IN & QN 1P& QN

Figure 5: Conpl ex (Phasor) Pl ane

Using a HP 6236B Triple Qutput Power Supply, a 5.000
VDC signal was applied to power the card, while 1.000 VDC was
routed through a E&L Instrunents Mddel 315-1202 Proto-Board,
then through four helipots for precise control of the four
i nput signal voltages: IN IP, Q. QN. Anplitude of 1.0 VDC
was selected nmeking control voltages sinply the cosine and
sine of the phase shift angle desired. Four HP 3478A
Multineters were wused to set and nonitor control signal
vol t ages. Vol tage accuracy of +/- 5nVDC was possible wth
this bench test set up. The Vector Network Analyzer (VNA)
supplied the local oscillator source signhal and was able to
measure the phase shift in the signal as the control signal
vol tages were adjusted. The VNA provided the |ocal oscillator
signal and measurenment of the phase shift of that signal by
the ADB346EVAL quadrature nodulator. Figure 6 displays the
bench test configuration while Figure 7 shows the AD8346EVAL

cabl e connecti ons.
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CONTROLYOLTAGES
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YECTOR
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MULTIMETERS

MULTIMETERS
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IWOC s power surely 2PY PROTOBOARD
W HELIPOTS TO
ADJUST CONTROL
SIGMAL VOLTAGES

Figure 6: ADB346EVAL Bench Test Configuration
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[P COMTROL MOLTAGE GF COMTROL WOLTAGE
0-1%DC 01 %DC

IN CONTROL QN CONTROL
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01 WDC 0-1 WD
LOCAL WA PHASE
OSCILLATOR SHIFT READOOUT
INPLIT
(N EMULA
POWER LIPJ
EMABLE
WOLTAGE
5 4DC

Figure 7: AD8B346EVAL Cabl e/ Si gnal Connecti ons

The card PWJUP (power up) input was provided with

5.0 VDC from a separate power supply. PWJP voltage above 2.0
VDC enabl es the card and routes the power to the VSP1 and VSP2

pins for mcrocircuit power. The VNA was configured to

provide continuous 2.4 GHz input signal at 000.0° phase shift.

Proper VNA calibration was conpleted in accordance with the HP
8510C Operator’s Manual prior to connection to AD8346EVAL
quadr at ure nodul at or. To shift phase in quadrant one (I+,

vol tages were applied to the IP and QP pins, while IN and

N are set to zero or ground. For quadrant three (I-, @),
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vol tages are applied to IN and QN respectively with IP and QP
grounded or zero voltage.

SIGNAL | N I P QP N
PHASE SH FT
000- 090 0 cosq sing 0
090- 180 cosq 0 sing 0
180- 270 cosq 0 0 sing
270- 360 0 cosq 0 sing
Tabl e 3. Control Signal Value Selection and Routing

The test bench was configured for a 360" sweep in 15
increments. The VNA was calibrated in “response node”, wth
t he ADB346EVAL powered up, and VNA connected to the LON and
VOUT with IP set to 1.000 VDC. Wen calibration was conpl ete,

t he phase was 000.0°, as desired. Measurenents were nmade in 15

increnents with voltage accuracy to within 1nvDC Error in
phase was observed to be greatest in the 30°-60° portions of
each sector. Measured error was less than 1.00 on the I and Q
axes (000,090;,180;,270"). It was also noted that error was
positive in |ead phase angles, and negative in l|lag phase
angles. For exanple, in shifting +45 phase (1P=0.7071 VDC and
QP=0.7071 VDC), the actual value nmeasured was 49.3; whereas a
-45 phase shift (IN=0.7071 VDC and QN=0.7071 VDC) yielded a

measurenment of -39.8. Power |oss through was approxinmtely -
15dB, as neasured with an HP E4419B EPM Series Power Meter.
This value is within the range specified within the AD8346EVAL
data sheet. Table 2 lists the results of AD8346 Phase Shift
Bench Test.
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Measur ed

Desi r ed IO | INmDO | op(mvpo) | agmvpg) | Phase
Phase Vol t age Vol t age Vol t age Vol t age (F) Error
0 1000 0 0 0 0 0
15 965. 9 0 258. 8 0 18.1 3.1
30 866 0 500 0 34.6 4.6
45 707.1 0 707.1 0 49.3 4.3
60 500 0 866 0 62.7 2.7
75 258. 8 0 965. 9 0 75.2 0.2
90 0 0 1000 0 89.2 0.8
105 0 258. 8 965. 9 0 107.5 2.5
120 0 500 866 0 124.8 4.8
135 0 707.1 707.1 0 140. 2 5.2
150 0 866 500 0 153.9 3.9
165 0 965. 9 258. 8 0 166. 7 1.7
180 0 1000 0 0 -178.8 1.2
195 0 965. 9 0 258. 8 -160.5 4.5
210 0 866 0 500 -144.3 5.7
225 0 707.1 0 707.1 -129. 8 5.2
240 0 500 0 866 -116. 8 3.2
255 0 258.8 0 965. 9 -104. 4 0.6
270 0 0 0 1000 -90.6 0.6
285 258. 8 0 0 965. 9 -72.2 2.8
300 500 0 0 866 -55.1 4.9
315 707.1 0 0 707.1 -39.8 5.2
330 866 0 0 500 -26.3 3.7
345 965. 9 0 0 258.8 -13.8 1.2
360 1000 0 0 0 -0.1 0.1

Tabl e 4. Resul ts of AD8346 Phase Shift Bench Test

To verify phase accuracy anong all of the individual

AD8S8346EVAL CCA's, the card for elenment #1 was tested in 30

Phase error with the sane | P of 1.000VDC was 22.3
the deno test

i ncrenents.

from that of card. Due to the inherent phase

error associated with path length difference, each individua

el ements path | ength would have to be neasured using the VNA

These variances in path |length, thus phase, would be
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accomodated for in the initial settings of the National

Instrunments (NI) PXI system and of fsets provided.

Possi bl e sources of error include:

1) SMA connections, if not properly fastened can
result in phase error of approximately 3. Wvel ength at

2.4GHz is 0.125mor 125mm Dividing 3600 by 125mmresults

in a phase error of 288 per 1.0 mm of |[ength. Thi s
equates to approximately one full turn of an SMA
connect or.

2) Voltage settings via DC power supply through
hel i pot allowed only for |less than 0.001 VDC resol ution,
or 1mvDC. For exanple, in setting the DC input to 200
mvDC, the neter mght read 200, but the actual value
could be 199.5 - 200.4 nmvDC due to rounding error.

3) Values of DC voltage correspond to the sine and
cosi ne of the phase angle respectively. For phase shift
of 15 degrees, IP is set to 966 mvDC and QP to 259 nWDC.
The actual values required are 965.9258..VDC and
258. 8190+.mVDC r especti vel y.

When the National Instrunents DAC s were avail abl e
for installation, full accuracy was achieved; however, ADI

guot es one degree of phase accuracy at 1.9 GHz in
guadr ature”. This was the limting factor and overshadowed

any quantization error fromthe 16-bit DAC s.
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2. Conponent Configuration

The heart of the array’'s control lies in the enbedded
processor located in the National Instruments (N) PXl -1042
chassi s. NI selected this particular chassis to provide for
an enbedded processor and six Digital -to-Analog Converters
(DAC s). The enbedded processor is an Intel Celeron 566 M1z
processor running Wndows NT2000 for the operating system
There are ports for nonitor, keyboard, nouse, printer, and
et hernet devi ces. O particular note, is the capability of
the entire systemto be run via renote control from a notebook
conmputer via TCP/IP ethernet connectivity. Figure 8
illustrates the NI PXI-1042 chassis.

MATIOMAL INSTRUMENTS PXI-1042 CHASSIS

|

SE6MHz EMEBEDDED DT AMALOS QUTRUT
PROCESSOR,CONTROLLER MODULES 2-7

Figure 8: National Instruments PXl-1042 Chassis
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LabVIEW version 6.1 was used to generate the actual
control program that sets the anplitude and phase of each
i ndi vidual element. The program “ConversionFinal.vi” inports
anplitude and phase data from the Genetic Algorithm (GA)
cal cul ations completed via MATLAB. The anplitude (A) and

phase (q) data is converted in LabVIEW to in-phase (1) and

guadrature (Q settings. A calibration offset, (f) is applied

to g to account for phase errors associated with path l[ength
differences from local oscillator (LO signal output to each
i ndi vidual radiating dipole element. ConversionFinal.vi then
cal cul ates the required control voltage for the desired phase
shift according to the foll ow ng equati ons:

| =Acos(g-f)
Q=Asin@-f)

The program sends the required control voltage signals to the
required control points. As previously discussed in the
application of the Analog Devices Inc. (AD ) AD8346EVAL
Quadrature Modulator circuit card assenbly (CCA) as a phase
shifter, the NI PXl -6704 DAC s send control voltages signals
to the respective inputs, INor IP, Q2 or N via SRC-316 |ow
vol tage, |ow frequency coaxial signal cable. The capability
of using strictly DC voltages for the control signals is what
allows the ADB346EVAL quadrature nodulator to be used as a

dedi cat ed phase shifter.
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Each ADI ADB346EVAL CCA has four SRC-316 signal cables
attached; one for each control signal voltage. These cables
are attached to the NI TBX-68 termnal block with is connected
by an NI SH 6868-D1 cable to each DAC. Each NI PXl-6704 DAC
controls four ADB346EVAL CCA s. Term nal block routing
configuration is illustrated in Figure 9.

™
-
-
<
-
=
-
-
™
-
-
&
-

Figure 9: National Instrunments TBX-68 Term nal Blocks with
SRC-316 Control Signal Cables connected
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The 5.0 VDC power up signal is provided by a Total Power
International brand T-40C triple DC power supply. This power
supply provides 5.0 VDC via SRC-316 coaxial cables for the 24
AD8346EVAL CCA's, and the power up and tuning voltage for the
Z- Communi cations VB00OMELO 2.4CGHz LO signal. The turning
voltage is routed through a 1kO helipot for fine-tuning of the
LO frequency. LO construction is shown in Figure 10.

£-COWIN VE0OMED

£ D0 POWER LR 2AGHZ ORCILLATOR

>

ol |

_'1- \\1

SVDCPOWER.
F T40CPS |

LOSIGMAL QUT
TOZHL-42 ANP

SVDC INTOFREQ
ADIST HELIFOT

Figure 10: LO Construction, Internal Configuration
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The 24 AD8346EVAL CCA's are mounted in two fabricated

racks; each holding twelve CCA s each. AD8346EVAL nounti ng
racks are shown in Figure 11.

Figure 11: AD8346EVAL Fabricated Munting Rack

The 2.4GHz LO signal that is generated by the Z
Communi cati ons V800OME1O0 Gscillator, is then passed through a
Mni-Circuits ZHL-42 anplifier. The 15 VDC power is provided
by the sane T-40C DC power supply that provides the 5.0 VDC to
the LO and the 24 ADB346EVAL CCA's. A switch box allows for
the anplifier to be powered up before the LO in accordance
with the anplifier manufacturer specifications. Thi s signal
is then attenuated 6.0 dBm and passed through a Meca
El ectronics 4-way power divider, then each of the four outputs

is then passed through a Meca El ectronics 6-way power divider
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to provide for 24 individual 2.4G4# LO inputs to each
AD8346EVAL CCA.  Since maxinmum input power to the AD8346EVAL
is +10dBm but the ZHL-42 anplifier boosts the LO signal to
+36dBm with a 14dBm | oss fromthe power dividers, the in-line
attenuator is used to further reduce the signal strength to
t he maxi num +10dBm  The local oscillator circuit is shown in

Fi gure 12.

FAIMICIRCUIT ZHL-4 2 AP

LOCAL OSCILLATOR ENCLOSURE

LOFRED A

24 MDIVIDUAL CUTPUTS

ITD"’SLDF::D’;’EE 'STSL?;;EYVDC 120uAC ;f:;’;"l_":'; 5 UDC TERMINAL STRP TO ADSZAEEVAL LO INFUTS
OWE £l O, ELEMENTS 01-12 & 13-24

Figure 12: Local Gscillator Routing Panel

Local oscillator signal routing is achieved through the
use of SRC-402SF T-FLEX flexible mcrowave cable. T- FLEX
cables allow for increased flexibility in signal path routing,

wi thout inherent limtations of the rigid 0.141" wave guide

43



mat eri al . T-FLEX cables are path Iength matched from SRC to
be within +/- 25.

The out put signal from each ADB346EVAL “phase shifter” is
then routed its correspondi ng di pole elenment with an SRG 402SF
T- FLEX cabl e. The dipole elenments were specified as 500
i npedances for proper inpedance nmatching with the AD3346EAVAL
CCA' s. Appendix C lists the conplete conponent inventory.

The conpl eted radar equipnment cart is displayed in Figures 13
and 14 bel ow.

ADZ3A6EVAL CCA's IN RACKS

PXl 1042
CHASIS

TERMINAL BLOCK SUB ASSEMBLY

Fi gure 13: Equi prment Cart Front View
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ADB346EVAL CCA RACKS w,/SRC-316 CONTROL SIGNAL CABLES

LO/PWR
SUB ASSY

PXl-1042
CHASIS

SRC-316 CONTROL SIGNAL CABLES | AD2346EVAL PHASE
FROM TERMINAL BLOCK SUB ASSY SHIFTER QUTPUTS TO
DIPOLE ANTENNA ELEMENTS

Figure 14: Equi pnent Cart Rear View

3. Physi cal Array Construction

The physi cal antenna array dual ground pl anes were each

fabricated from 7075T6AL 3 16” al um num pl ate. Each ground

pl ane measures 1.0mtall x 0.5mwide (8 x4 ). The two plates

were then connected together by an ABS plastic piano hinge

providing isolation between the two pl anes. The array base

was fabricated out of 1" thick polycarbonate plastic plate.

This base was |l ater changed to % thick plywod to limt the

reflection from the base. The array is hinged allow ng for

t hr ee-di mensi onal geonetry variations from 000- 045 per side.

included angle between the two ground planes can be
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adjusted from 090-180°. Figure 15 shows the basic array | ayout

and XYZ coordi nat e axes.

GROUNDPLANE INCLUDED ANGLE GROUNDPLANE
ADJUSTABLE 090-180 TOP VI EW
FOLDBACK ANGLE FOLDBACK ANGLE
ADJUSTABLE 0-45 ADJUSTABLE 0-45
______ >
Lol
+X AXIS
+z AXIS
FRONT VIEW SIDE VIEW
) +y AXIS +y AXIS
+x AXIS
e
+z AXIS

Fi gure 15: Array Ground Pl ane Geonetry

El enent | ocations were randonly generated with the constraint
that m ni nrum spacing was | /4 on x-axis and | /2 on the y-axis
bet ween el enents. These |l ocations are listed in Appendix D.

Figures 16 and 17 show the front and back of the antenna.
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One of the challenges in the array construction was the
mounting of the dipole elenents. Each dipole had a small
rubber Ugroove strip placed top and bottom where it passed
t hrough the array and nmade contact with the netal plate. The
dipole was held in place wth rubber weather-strip and
positioned with | /4 |length extended above the ground pl ane.
Small 1"x1” L-shaped wood clips were used to ensure the
di pol es remai n perpendicular to the array plane. Doubl e-sided
foam tape was used to secure the elenents and clips to the
ground pl ane.

Return | oss neasurenents were conducted with the VNA to
ensure that the radiating dipole elenments were adequately
el ectrically isol ated. Return loss as neasured with the VNA
was borderline at -15dB. The cause of this was that the slots
were too narrow. Reflectivity increased because of inpedance
m smatch due to the shorting of the electric field of the
di pole elenment in free space. A routing bit was used to neke
a ¥% hole in the center of each slot so that the standoff
di stance was increased between the ground plane and the feed
lines of the dipoles as they passed through the array surface.
By increasing the standoff distance, the field disruption was
reduced, allow ng for proper inpedance matching. The return
| oss inproved to the range of -18dB to —-23dB as neasured wth

the VNA. Figures 18 and 19 display the nounting detail of the
el enent s.
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Figure 18: Di pol e El enent Munting, Front View

Fi gure 19: Dipole El ement Munting, Rear View
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4. System Bl ock Di agram

Overall system configuration is showm in Figure 20.
Appendi x E contains schematics for the major sub-systens.

NI PXI CHASSIS
W/ 566MHz EL‘;'LTQ(L;
EMBEDDED CONVERTER
PROCESSOR
LocAL 24 WAY
OSCILLATOR AMP SiISTN"rAELR
|
| |
| | ——
L ! ADI
I | ADS346EVAL DIPOLE
| ! QUAD MOD RADIATING
! ! "PHASE LEMENT
| | SHIFTER"
—_ L )
|
| | |
POWER I "
I SUPPLY I

Figure 20: Master Configuration Di agram

D. LABORATORY | NSTRUMENTATI ON AND TEST EQUI PMENT

Al |aboratory tests and neasurenents were conducted
using the HP 8510C Vector Network Analyzer (VNA). The primary
subconponents of the VNA are the HP 85101 Display and
Processor, the HP 85102 |IF detector, the HP 8517A two-port S
Paranmeter Test Set, and the HP 83651A Synthesizer-Sweep
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CGenerat or. These conponents conprise a conplete test system
that provides a stinmulus to the device being tested and
nmeasures the response of the device. The system allows the
operator to select from various data displays including power
and phase displays. Cal i bration techniques and procedures
permit neasurenent at the interface of the device under test,
mnimzing the effect of systematic neasurenent errors. The
HP E4419B EPM Series Power Meter was used for all power

measur ement s.

E. CALI BRATI ON AND TEST PLAN

Before all subassenblies were connected together and
configured as an entire unit, certain tests and calibrations
were conducted to verify accuracy and integrity of the systens

i ndividually and as a whole unit.

1. Control Cable Pin-Qut Signal Verification

Using the enbedded processor in the PX-1042 chassis
runni ng the LabVIEW control program voltages were applied to
each output pin and SRC-316 control signal cable that connects
to each ADB346EVAL el enent. The cabl es provide the pathway
for the IN, [P, Q, and QN signals to the AD8346EVAL CCA.
Each cable is interfaced with a NI TBX-68 term nal block. By

applying a 45 phase shift to every elenent (IP=0.7071 VDC
QP=0.7071 VvDC) all 1P and QP pin connections were verified
correct. Then by applying a -135 phase shift (I1N=0.7071 VDC
ON=0. 7071 VDC) all IN and ON pin connections were checked
Al pin-outs were verified using a Tektronix DMW16 Mil ti neter

to neasure the proper voltage was applied and insure that all
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pins and signal cables were connected correctly. Appendix F

lists the pin-outs and signal connections.

2. Local GCscillator Signal Path Integrity

Verification of the LO signal pathway had to be
confirnmed. By neasuring the power out of each conponent in
the path, verification of proper LO signal input to each
ADB346EVAL el enent was conducted using the HP E4419B EPM
Series Power Meter. Since the ADB346EVAL nmaxi mum LO i nput
power is +10dBm it was inperative to ensure that value was
not exceeded to prevent CCA danmge. LO power out was first
nmeasured at +1.71dBm This signal was input directly into the
ZHL- 42 anplifier. CQutput power was neasured fromanplifier at
+36. 51dBm The next power neasurenent was taken on each
individual line at the connector to each AD8346EVAL CCA, after
passi ng though the 24-way power divider and along each two-
foot section of T-FLEX wave-guide. Power out from the
anplifier was attenuated 6.0dBm to ensure final input to the
ADB346EVAL was | ess than +10dBm  Measured input power to each
AD8346EVAL was 9. 96dBm

3. ADB346EVAL Quadrature Modul ator CCA Phase Accuracy
Verification Digitally via LabVI EW Control Program

This calibration was a repeat of the bench test conducted
previously to verify the phase shifting capability of the
AD8346EVAL CCA. Using the LabVIEW control program manual
phase shift values were entered in five-degree increnents for
one AD8346EVAL CCA. Phase accuracy was neasured with the VNA

Aver age phase accuracy was calculated at 120 Results are
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sumari zed in Table 3 bel ow Random spot-checks of sone the
ot her ADB346EVAL CCA's returned simlar results. Table 5

lists the results for elenent one’s “phase shifter”.

PHASE INPUT VNA ERROR
MEASUREMENT
000 -000.6 -0.6
015 015.9 +0.9
030 031.8 +1.8
045 045.8 +0.8
060 059.1 -0.9
075 073.2 1.8
090 088.7 1.3
105 105.9 +0.9
120 122.1 +2.1
135 136.4 +1.4
150 149.8 -0.2
165 165.1 +0.1
180 179.8 -0.2
195 (-165) -163.3 1.7
210 (-150) 147.4 2.6
225 (-135) -133.6 2.4
240 (-120) -120.5 +0.5
255 (-105) -106.7 +1.7
270 (-090) -090.9 +0.9
285 (-075) -073.8 1.2
300 (-060) -057.5 25
315 (-045) -043.2 1.8
330 (-030) -029.8 -0.2
345 (-015) -015.8 +0.8
360 (000) -000.5 -0.5
-015 -015.7 +0.7
-030 -029.8 -0.2
-045 -043.1 1.9
-060 -057.5 25
-075 -073.9 1.1
-090 -091.0 +1.0

Tabl e 5. Digital Characterization of AD8346EVAL CCA

4. Pat h Length Phase Error Calibration

Every LO signal pathway from power divider to dipole
antenna elenment had to be precisely calibrated. Di fferences
in path length error translate into phase error at the

radi ating dipole elenent. This is a crucial factor since
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phased array radars require both accurate and precise phase

control for proper beamform ng operation.

The VNA was used to enulate the LO signal at 2.398340GHz
and connected just prior to 24-way power division. Each
ADB346EVAL card was set via the LabVIEW control program at

000.00 phase shift, which corresponds to a value of 1.000 VDC

applied to each IP control pin. El enent one was used to
calibrate the VNA and set at zero phase error. Al'l other
elements are referenced to el enment one. Connecting the WA

individually to each AD8346EVAL VOUT at the point where the T-
FLEX cable mtes wth the dipole antenna elenment, each
el ement’ s phase error was neasured and tabulated. Appendix G
lists the data neasured during this test. These figures are
t he val ues of the phase “offsets” used in the LabVIEW control

program

5. Di pol e El enent Return Loss Characterization

The twenty-four dipole elenments were custom designed by
Prof essor David Jenn and fabricated by C rexx Corporation with
a nom nal operating frequency of 2.40GHz. Using the VNA the
return | oss was neasured for each of the el enents. The best
operating frequency woul d have been 2.46GHz with a return | oss
of -46dB. Maxi mum reflection allowed 1is -15dB, which
corresponds to a reflection coefficient (R) d approxinmately
three percent. The return loss of the worst el enment neasured
at -22dB and the best at -29dB at the specified operating
frequency of 2.40CGhz (2.398GHz actual frequency). The
calculated R at -22dB is | ess than one percent (0.67%, which
is nore than an acceptable return | oss. Figure 21 displays
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the VNA plot of the return |loss neasured for all twenty-four

el enent s.
nn‘_ log MG 05 APR 03
2.0 B 0o-
g K/z.aas GHz 19:02:12
Re
c
0 dB
22dB
- - -29dB
V| -48dB@2.46GH
- e
STEAT '2.000000008 O M- Wc
§TOP  3.000000008 O lnhh

Figure 21: Dipole Elenent Return Loss

6. Two El ement Qualitative Analysis

To qualitatively characterize the system to this point,
two dipole elenents were nmounted in a sinple back plane.
Using el enents one and two, the VOUT cables were attached to
the dipoles, nounted | /2 apart. Applying the nmeasured offset
to element two (renmenber elenent one is the reference phase),

and zero phase shift, a beam was forned. The beam naxi num
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power was neasured using the HP E4419B EPM Series Power Meter
connected to a 2.4GHz mcro-strip antenna. By keeping
standoff di stance constant, and noving the antenna on a sem -
circular arc, it was possible the measure nmain beam power.
Mai n beam power was neasured at 7-10 dB above sidel obes, and
power fell off sharply outside beam pattern. A phase shift
was introduced on one elenent, and then the other. In both
cases, the main beam shifted to the appropriate direction, and
power pattern neasured was the same, just shifted as desired.
This sinple experinent validated the conponent operability to
generate the LO signal, route it to the elenents, contro
of fset and phase via LabVlI EWprogram and the nove beam center

in the direction desired.

F. ANECHO C CHAMBER MEASUREMENTS

1. Array Setup and Initialization

After situating the array and equipnment cart in the
anechoi ¢ chanber, sone initial checks were conducted prior to
taking actual radiation neasurenents or “cuts”. After
positioning the array on the pedestal in the chanber, the
equi pment cart was positioned behind it. Then the AD8346EVAL
VOUT T- FLEX cables were connected to their respective dipole
el ements on the array. Initiating the enbedded processor and
radiating all elenents wth zero phase shifts, power
measurenments were taken with the HP E4419B EPM Series Power
Meter and a sinple 2.4GHz antenna. This verification was nade
to ensure that every elenent was in fact radiating. Using the

sane power neter and antenna, side and rear radiation | eakage
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nmeasur enents were taken. Al'l neasurenents showed readi ngs of

—60dBm of lower. This was assuned to be of negligible inpact.

Next, the VNA in the anechoic chanber was connected in
pl ace of the LOin the cart. This was required to allow the
VNA to conmpute the readings at the receive feedhorn relative
to the LO signal generated from the VNA LO frequency was
tuned to 2.398340GHz. Power out from the VNA was tuned to
ensure that the input power to the AD8346EVAL CCAs did not
exceed +10dBm A Communi cations Corp. nodel HD 18565-feedhorn
antenna was used for signal reception. Beam patterns for the
boresi ght beam were neasured to ensure the beam formng
process was wor ki ng. A boresight beam was detected and nain
| obe qualitative neasurenents were nade by sinple rotation of

the pedestal. Main beam to sidelobe difference was

approximtely 10dB with a beamw th of 10-15.

2. Anechoi ¢ Chanber H Pl ane and E-Pl ane Measurenents

Beam form ng neasurenents were taken in two planes, H
Pl ane and E-Plane. The H Plane is perpendicular to the dipole
axis while and the E-Plane parallel to the dipole axis.
Coincidently, the HPlane is also the horizontal or azinuthal
pl ane, and the EPlane that for elevation. This is because
the antenna is vertically polarized. These fields would be

reversed in a horizontally pol arized antenna.

Wth the array situated atop the chanber pedestal, the
feedhorn was located 19.0° away at a height of 56.0” to match

the exact center of the antenna array. Alignnment verification
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was conpleted to ensure the zero position of the pedestal was
aligned with the zero position of the antenna. Three sweeps
were then conducted corresponding to GA runs LE13, LE19, and
LE20 from Table 2. The boresight beam position LE13 was
conpleted first, followed by LE19, which steered the beam

hori zontally 10° toward the —x direction, and finally LE20,
whi ch steered the beam 10° in the +x direction. Wth the phase
files stored within the PXl-1042 enbedded control |l er, changing
beam direction took less than one mnute. Al Hplane
measurenents were taken in sweeps from -60 to +60° with 0.2

and 0.001dB resol ution. Sweep sector size was limted to

t hese values due to cable length and array size.

Once H-plane neasurenents were conplete, the array was
turned on its side, and braced to center the beam in the
direction of the feedhorn. The feedhorn was rotated to match
the transmit polarization and its height was adjusted to
58.50” with distance remaining at 19.0'. Array was realigned

to pedestal center. Sweep sector sizes were |imted at -40 to

+40° also with 02 and 0.001dB resolution. Agai n, cable
length and array size limted the range of angles. In both
configurations, the feedhorn was rotated ninety degrees to
check for cross-polarization of the fields. In all cases,
this field was not readily neasurable (less than -85dB). The
E- pl ane neasurenents were taken in the sane order as those for
t he H-pl ane.
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G ANECHO C CHAMBER DATA ANALYSI S

Data neasured in the anechoic chanber was plotted and
conpared against that predicted by both the GA and the MM
cal culations. The entire focus of this project was to prove
the GA pattern builder function fornms the sanme beam as
predicted by the MoM nethod, which is a wdely accepted neans
for computing phased array patterns. The MM techni que sol ves
Maxwel | s Electric Field Integral Equation. The antenna
surfaces are separated into small sub-donmains and the current
on all of these regions is solved for sinmultaneously using
matri x analysis techniques. These regions are assunmed short
if their length is small as conpared to radiated wavel ength
and thus leads to a converged solution. This insures accurate
current throughout the regions. The flat plates of the
antenna are also divided into sub-domains that are small
conpared to the wavel ength. These conputed currents on the
array surface are then integrated to deternmne the fields at

any point in space using the principle of superposition.:?

Figure 22 shows the antenna placenent in the anechoic
chanmber for taking H Plane data. Due to problenms with jitter
in the anechoi c chanber’ s pedestal, sonme of the data was rough
and disjoint. Professor David Jenn applied a MATLAB snoot hi ng
function to inprove the presentation of the data. Figure 23
shows the conparison of the raw data plotted against the
snoot hed. As can be seen from the figure, the integrity of
the data remains uncorrupted. Figures 24-26 show the data for

H- Pl anes of boresight (LE13), 10 toward —-x axis (LE19), and

100 toward +x axis (LE20) respectively. The blue curve
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represents actual neasured data in the anechoic chanber. The
GA prediction and MM cal cul ations are shown in green and red
respectively. Note, the MM cal cul ations were figured for the
far field case only. A bias error in alignnment of the antenna
and the pedestal was discovered in the HPlane runs. A

systematic 1.5 error was neasured and corrected for. Figures

27-29 show the sanme data with a 15 bias error correction
applied to the neasured data curve.
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H- Pl ane Measurenents

Fi gure 22: Antenna Pl acenment for
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Figure 23: LE13 Raw Data versus Snoothed Data
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Fi gure 25: LE19 H-Pl ane
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LE13R2 H-plane
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Figure 28: LE19 H Plane Corrected for Bias Error
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| |
=10 |
.e \
~ f’_ . —nE_ ek, : || i:‘- .__.- 3 : h :
g f Y A S
g by | t.
5 20 i\ . \
II I|
30+ : ] -
|
40 1 1 1
.40 0 ] 20 40 B0
Fi gure 29: LE20 H Pl ane Corrected for Bias Error

in the anechoic

Figure 30 shows the antenna placenent
Figures 31-33 display the E

chanber for taking E-Plane data.
Pl ane dat a. MoM cal cul ati ons were not conducted for off axis

E- Pl ane measur enents.
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Fi gure 30: Antenna Pl acement for E-Plane Measurenents

LE12R2 E-plane  [phuee; MEAS(sm) green: GA{19 iy red: MMtar fld)]
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Figure 31: LE13 E-Pl ane
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Figure 33: LE20 E-Pl ane
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Consi dering the MM cal culations take into account all
the interactions between elenments as well as the edge effects,
but the GA does not, data agreement is quite good. Thi s
validates the assunption wthin the GA nodel that these
effects are negligible. Since main beam agreenment between the
sources is extrenely close, it is obvious that the actual
antenna is performng as the GA pattern builder predicted.

The foll ow ng principle observations are not ed:

(1) There is a systematic bias error in alignnment of the
antenna centerline to feedhorn. This means that, wthout a
benchmark, angular and positional alignment of the antenna
with the pedestal centerline nust be “eyeballed” for
correctness. This error can be accounted for and adjustnents

made to the raw data.

(2) The anechoi c chanber pedestal stepper notor was not
functioning snmoothly and appeared to be binding. Thi s
“jitter” caused jagged data recording. By using a MATLAB
snoothing function, the data be realistically adjusted to
better represent the actual shape of the beam pattern w thout

conprom sing the integrity of the nmeasured data.

(3) Wiile the MM calculation takes into account edge
effects of the ground plane and inherent capacitive and

i nductive coupling between individual elenents, the GA does

not. In plotting the conparison of these two nethods with the
measur enent s, it is apparent t hat these effects are
negl i gi bl e.
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(4) Neither nodeling program accounts for the presence
of the pedestal antenna nounting structure. Reflections from
the array structure may be the source of sone of the error in
the actual chanber data. Changing out the 1" thick
pol ycar bonate base plate to ¥ plywood appears to have reduced
sone of the errors associated in the trial data runs. Thus
some of the variations in sidelobes and nulls may have been
caused by the antenna’ s supporting hardware, by additional

reflection and interference effects not nodel ed.

(5) The anechoi c chanber conditions nay have contri buted
to sone error in the data. As docunented in Bartee, there are
sone regions of the chanber that cause abnormal neasurenents.
The chanber’s asymmetric geonetry (footprint) could result in
unaccounted for interference. War around the door seals was
a docunented source of error in Bartee. The inability to
insul ate the equipnent cart in the chanber could have simlar

effects.

(6) Maxi muminherent phase error in the AD8346EVAL CCA' s

is +/-25. Error could exist in path length on the dipole
elenment resulting in additional phase error. O fset
measurenments were made up to the radiating dipole elenment, but
including it.
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| V. CONCLUSI ONS AND RECOMVENDATI ONS

A EXPERI MENTAL SUMVATI ON

The objective of this thesis was twofold. The first was
to verify that the GA programand its pattern builder function
would form a beam in agreenent with the Method of Mnents
cal cul ati ons. The second was to build a digital transmt
phased array antenna from comrercially avail able conponents.
Both of these objectives were acconplished. Digital nodul ator
boards were obtained and their electrical per f or mance
characterized. Laboratory investigations determned that the
boards were capable of controlling both anplitude and phase,
thereby making a conpletely digital antenna possible. The
boards were assenbled into a twenty-four elenent array that
used printed circuit dipoles as the radiating elenent.
Measurenents in the anechoic chanber verified that the beam
coul d be scanned. Overall, the measured patterns were in good
agreenent with the predicted. Differences between the two
could be attributed to alignment and neasurenment system
errors. Al though the GA is capable of synthesizing a |ow
si del obe pattern, only phase scanning was wused in this
denonstrati on.

B. RECOMVENDATI ONS FOR FUTURE EXPERI MENTS OR PRQJECTS

1. Recei ve Ant enna

The next step in the process is to develop the
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conpl enentary receive array. This would allow the GA to be
verified for the entire beam form ng process fromtransm ssion
to reception. The receive array should also be a thinned
array with randomy | ocated el enents of the sanme frequency and

wavel engt h. It should allow for broadband or w deband
applications as the transmt array wll undoubtedly be
upgraded with such capabilities. Three di nensi onal geonetry

capabilities should planned for, simlar to current dual
gr ound- pl ane ant enna.

2. Anpl i tude Tapering

The GA can provide both anplitude and phase settings to
control the beam pattern. Using the existing array, beam
patterns wth anplitude variation or *“tapering” can be
i npl enent ed. The current system is already configured for
this capability. Amplitude tapering can be used to reduce
sidel obe levels, which is required in a high performnce
radar.

3. Br oadband Upgrade to Current Active Array

Follow on work is planned to upgrade the existing active
t hree-di nensional array with a wi deband waveform The current
ADB346EVAL CCA phase shifters can support the frequency range
of 0.8-2.5G1z. Phase shifting accuracy would have to be
verified through the entire frequency range. Post phase shift
anplifiers will be needed to provide for viable output power.

Current power out was adequate for anechoic chanber
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nmeasurenents; however, it wll not be sufficient for real
worl d tracking experinents. Addi ti onal experinents include
evaluating the capability for using multi-frequency w deband
applications coupling bot h sensor and conmuni cati ons
capabilities in the same array.

4. Di stributed Aperture Arrays

The advantages of designing an array wthin the
structural constraints of a given platform would be imense.
| magi ne the radar built into the airframe of the AWACS itself
or into the entire superstructure of a warship. VWhile this
thesis just scratched the surface of three-dinensional arrays,
the capability of designing arrays on uneven, disjoint, or
even curved surfaces would be a great advantage in platform
desi gn. Using multi-frequency w deband applications coupling

bot h sensor and communi cations capabilities in the sane array,

many war fighting advantages could be realized, including
reducti on in platform RCS and enhanced surveillance
capabilities due to increase sensor surface area. The GA

should be evaluated for its capabilities and limtations in

this type of antenna geonetry.

5. Spanagel Hall as a Wde Aperture Array

Usi ng one side of Spanagel Hall (or any building for that
matter) as a nulti-frequency distributed array should be
considered. Elenents could be placed either at random or by
GA evolution on the wi ndows and roof of the building. Thi s

problemis closely related to distributed apertures on a ship.
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However, there are ground-based applications where the side of
a building could serve as an antenna. An example is the
bistatic hitchhiker radar system called “Sentinal”. Usi ng
both a radar tracking frequency and a conmunications band,
aircraft flying into Monterey Airport, and boats in Mnterey
bay could be tracked. Separate air and surface radar
frequenci es should be used to denonstrate dual radar frequency
capability as well as a band for sinultaneous connectivity for
voi ce and data transm ssions. Accurate real tinme nmeasurenents
of the element locations wll need to be addressed to account
for tenperature and structural fluctuations. A simlar
problemis encountered on a ship on the high seas.

6. Conparison of GA vs. O her Synthesis Methods

In this application, the GA was used to synthesize the
excitations required to forma beamw th the desired radiation
characteristics fromknown el enment |ocations. There are other
synt hesis nethods that are avail able, for exanple, Wodward s
technique or the Fourier Transform nethod.? The current
literature suggests that the GA has advantages over the others
when random geonetries are involved. Research should be

conducted to quantify the advant ages.

7. Monopul se Beam St eeri ng

The capability of the GA to create a nonopul se beam and
steer it to desired |locations should be evaluated. Most high
performance tracking radars use nonopul se beans. Also this

capability is crucial in conbating an Electronic Attack or
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jammng threat as well as countering the effects of
interference. The null l|ocations can be stipulated as one of
the GA pattern constraints. This would Iend additiona

support legitimacy of the GA as a radar design tool.

C. RADAR DESI GN | N THE FUTURE

The Genetic Algorithm coupled with a conpletely digita
antenna of the type denonstrated here has the potential to
break the paradigm in traditional nethods of shipboard sensor
design. The GA and programmed digital hardware easily adapt
to the ever-changing requirenments of sensor geonetry and
per f or mance. This thesis has proven but a small part of the
GA capability as radar design tool. Future research wll
denmonstrate the flexibility of the digital antenna, with fully
functional transmt and receive antennas used to investigate
new and innovative radar system designs and processing
t echni ques.
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APPENDI X A1  GLOSSARY OF TERM NOLOGY AND ACRONYMS

ADI
AWACS
CCA
CDVA
COTS
DAC
dB
dBm
DCS
EA
FAD
fitness

GA
GHz

generation

GSM

hel i pot
HP

i ndi vi dua

| EEE
I SAR
| SM

LCS
LO
MFAR

Anal og Devi ces | ncorporated
Ai rborne Warning and Control System
Circuit Card Assenbly
Code Denmand Multiple Access
Commercial Of The Shel f/Commodity Avail abl e
Di gi tal -t o- Anal og Converter
Deci bel s
Deci bels relative to 1 milliwatt
Digital Cellular Service
El ectroni c Attack (Janm ng)
Fl eet Air Defense
Comput ed quantifiable score of the effectiveness of a
popul ati on menber as a solution to the given problem
Cenetic Algorithm
G gahertz (10° cycl es/ second)
A conplete GA reproductive cycle including eval uation of
fitness, selection and the fornul ation of a new
popul ati on for the next
generati on.
G oupe Speciale Mbile, dobal Systemfor Mbile
Conmruni cat i ons
Hel i coil Potentioneter
Hewl et t - Packard
A discrete set of bit strings and/or vectors that forns
a conplete solution to the given problem as eval uated by
the fitness function.
Institute of Electrical and El ectronics Engi neers
I nverse Synthetic Aperture Radar
I ndustrial, Scientific, and Medica
Lanbda — Wavel ength
Littoral Conbat Ship
Local OGscill ator
Mul ti - Function Array Radar
Megahertz (108 cycl es/ second)
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MoM Met hod of Monents

NCTR Non- Cooper ati ve Target Recognition

NI Nati onal |nstrunments

f Phi — Phase

PCS Personal Cellul ar Service

popul ati on All the individuals in a given GA run
QAM Quadrature Anplitude Mdul ati on

QPSK Quadr ature Phase Shift Keying

RCS Radar Cross Section

RF Radi o Frequency

RFI C Radi o Frequency Integrated Circuit
ROE Rul es of Engagenent

SAR Synt heti c Aperture Radar

SARTI S Shi pboard Advance Radar Target Recognition System
SUW Surface Warfare

TBMD Theater Ballistic Mssile Defense
TCP/ I P Transm ssion Control Protocol/Internet Protocol
TR Transmi t/ Recei ve

TSSOP Thin Seal ed Small CQutline Package

n Nu — Frequency

UHF U tra-H gh Frequency

VDC Vol ts Direct Current

VHF Very H gh Frequency

VNA Vect or Network Anal yzer
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APPENDI X B: BASI C GENETI C ALGORI THM THECRY

A | NTRODUCTI ON

The follow ng review of basic genetic algorithmtheory is
an excerpt from “Genetic Algorithms as a Tool for Phased
Array Radar Design”, Master’'s Thesis by Jon A Bartee, LT,
USN, June 2002. It is included an appendix for those not
famliar with Phase One of the project and the GCenetic

Al gorithm process.

A Genetic Algorithm proceeds through a succession of
gener ati ons. Each generation is conposed of a nunber of
i ndi vi dual popul ati on nenbers. These are vectors consisting
of characterized traits that form a potential conplete
solution of the problem The figure on the follow ng page,
di spl ays the |l ogical flow of solving a problemusing a Genetic
Al gorithm

Note in particular the |loop structure. Each iteration of the
loop is considered a generation. The relatively sinple
structure potentially allows several thousand generations of
evolution to be conpleted in only a matter of hours with even
nodest conputing resources. However, as a practical matter,
the tine it takes to conplete a | oop depends heavily upon how
long it takes to do the fitness evaluation. Consequent | vy,
interesting problens that apply to real world needs often have
a tendency to get bottlenecked conputationally on the
eval uati on step. It should also be clear that the |oop

structure as shown would continue indefinitely until stopped
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Evolutionary Computation

Create mitial

Starf —* .
random population

: End
New gencration Done‘?ﬁﬁ. Output
replaces old v result
4 n

Evaluate fitness
of each mdividual
Create new
generation

Fi gure 34: Genetic AlgorithmLogic Flow (From Johnson,
15 August 2001%)
in sone way. The question of when to halt the evolutionary

process i s anot her consideration for the progranmer.

“Fitness” is the criterion to be optimzed and is the
basis for selection of individuals from the popul ati on of each
gener ati on. The nmethod used to evaluate the fitness of
i ndi vi dual popul ation nenbers, as well as the four conmonly
used reproduction nmethods for determining the popul ation of

each generation will be covered in nore detail.

B. MECHANI SMS | N GENETI C ALGORI THMVS

Genetic algorithnms use several nechanisns to evolve a
system over the course of the run. Sel ection of which

mechani sns to use, and the probability each will have is a
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critical decision for the programer. Since Cenetic
Algorithns are an iterative process, nodeling either the
fitness criteria or individual incorrectly can cause the
program to diverge from answering the problem of interest to
t he programer. However, by self-correcting over the course of
a large nunbers of these iterations, using assunptions and
criteria based on proven theory, the algorithm has the
capability of finding a set of nobst favorable solutions to
hi ghly conplex problenms that mght otherwi se take years of
nmeasur ement and data col | ecti on.

1. Fitness Measurenent

The initial item the programmer nust address is how to
evaluate the traits of an individual popul ation nenber agai nst
the desired outcone. This is known as the “fitness
measurenent,” and it nust be perfornmed for each individual
during each consecutive generation of the run in order to be
able to faithfully rank the individuals’ suitability to
deliver the desired result. Defining the fitness function is
the nost critical step in the process. A failure to
effectively shape the question at hand in a form that can be
translated through a programm ng |anguage into a neasurenent
of fitness for each individual relative to each other prevents
the preferential treatnment of the best- suited individuals to
the next generation. This allows too many of the weaker
menbers to nove on and the population wll continue to be
characterized by randommess. Also inportant is the shaping of
the fitness criteria based on the reality of the problem In
using a Genetic Algorithmto design and optim ze an electrica

or nechanical system for exanple, the actual perfornance
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parameters and physical limts of such a system nust be
faithfully reflected in the mathematics used to determ ne the
relative ranking of the individuals. Wthout this fidelity to
the physical world you mght very well get an optimzed
solution to the problem posed, but that problem m ght not
reflect the true conplexity of the environnment it nust exist
in and is therefore usel ess as anything other than an academ c
exercise. The fitness calculation my therefore be of a very

conpl ex nature.

The process is twofold. The fitness of each individua
must first be evaluated and conpared to its peers, and then
i ndi vi dual s must be selected for a new population. The traits
for each population nenber are evaluated using the fitness
criteria, usually involving an analytic or nuneri cal
evaluation of a mathematical fornula. The criterion nmust
provi de enough resolution that two individuals wll wusually
have different values in order to be able to rank the entire
popul ati on. For exanple, in the case of a sinple radar
antenna design problem the fitness assessnment mght involve
determning the antenna gain for each individual. The traits
of the individual mght be those elements of gain, which are
under the control of the designer: radar frequency, the
antenna aperture efficiency, which is controlled by antenna
shape and the physical area of the antenna. The fitness
assessment for each menber would involve using the nmenber’s
traits to calculate antenna gain in decibels, Gg:?

édpr .A*U

Gy =10loge—=—1
e ¢ 0
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The value of r_, represents the antenna aperture efficiency,

which is controlled by the physical shape and actual area, A,
of the antenna. Operating frequency is denoted by f and the

speed of light by c.

The resulting gain would allow the individuals to be
ranked from nost fit, neaning highest gain, to least fit.
Note that the fitness criterion is not expressed as a set
binary limt, such as *“above 30 dB,” as this limts the

ranki ng of individuals to only two categori es.

2. Popul ati on Sel ecti on

The popul ation of any GA is conposed of individuals. Each
i ndi vi dual has discrete traits that characterize the
individual and are directly applicable to the mathematics
involved in determning fitness. Generally speaking, the
initial population is determned randomy for the first
generation, and by the fitness assessnent, selection, and

creation of new individuals in subsequent generations.

a. Seeding

A refinenment to popul ation selection is the
Concept of “seeding” the initial population of a Genetic
Algorithmwi th the results of a previous run or predeterm ned
configurations that represent probable solutions based on
known facts, problem solver experience or even the best ranked
results fromprevious runs. Not only does the introduction of

evol ved, known or probable solutions cause nore rapid
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convergence, but it also allows the GA to be adjusted between

runs in order to better track toward the desired goal.

b. Fitness- and Rank-Proportional Selection

Once the fitness of each individual has been
determned the followng step in formation of a new generation
involves selecting the individuals that will be allowed to
contribute genetic material to the next popul ati on through one
of the genetic operators, described in detail | ater.
| ndi vi dual popul ation nenbers are selected for nenbership in
the next generation by their relative fitness ranking with one
of several methods, two of which are described below
Sonetinmes, a probability of selecting less fit individuals
over nore fit ones is included to retain sone of the diversity
of the original population, but the nore fit ones nust al ways
have a higher probability of selection in order for a solution
to energe. A broader population diversity will result in
sl ower convergence to the solutions of a problem and wll
require nore conputational resources and tine, but has a
greater chance of arriving at a better and perhaps
unanti ci pated sol ution.

Fi t ness-proportional selection neans that the
probability of an individual being selected for continuation
is weighted based on its performance during the fitness
eval uati on. One comon nethod for fitness-proportional
selection involves the creation of “bins,” one for each
i ndi vidual present in the population. The size, or length, of
an individual’s bin is proportional to its assessed fitness.

A random nunber is generated within the value range of all the
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bins, and the individual in whose bin this nunber falls is
selected for inclusion in the next generation, after the
application of a genetic operator. Like pitching pennies into
cups of differing sizes, there is a finite probability of
selection for any individual but the individuals with better

fitness scores have a higher probability of selection.

Probl ens can arise with fitness proportional
selection when the raw fitness score values of nobst of the
i ndividuals are close to each other. This is particularly
evident in later generations of a run, where all the
i ndividuals have begun to converge on a narrow range of
solutions. The nethod for fixing this problemis to use rank-
pr oporti onal sel ection. I n r ank- proporti onal sel ecti on,
i ndividuals are ranked with an integer value based on their
raw fitness score, from1l for the least fit to the popul ation
size, n, for the nost fit. They are again placed in bins, but
the bin size is now proportional to the integer ranking. The
hi ghest ranked individuals have the | argest bins and therefore
the higher probability of selection. The figure below

illustrates this difference.
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Fitness-proportional Rank-proportional o
selection ¢+ Filness of mdividual | selection Rank of individual 1

¢ Fitness of individual 2 (selecled) Rank of tndividual 2 (selecied) )
random number — random number —*

Assign ranks to

individuals, from
n for the fittest 1o
1 for the least fit, - Rank of individual »

~ Finess of individual »

Figure 35: Fitness-Proportional vs Rank-Proportional Selection (From
Johnson, 15 August 20019

3. Ceneralized CGenetic Qperators

Another item of concern to the witer of a genetic
algorithmis the method by which individual popul ation nenbers
will be used in creation of the next generation once their
fitness has been ranked. There are four methods usually used
for this process: reproduction, crossover, inversion and
nmutation, with each of the four having potentially independent
mechani sns for determining if they occur. Each is normally
assigned a probability of occurring, with this probability
wei ghted in favor the individual’s fitness ranking, thereby
giving traits of the nost fit the best chance of survival into
| ater generations. Using these four nechanisns, a new
generation is fornmed and the fitness test is applied once

agai n.
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a. Reproduction

Reproduction, or the inclusion of an unaltered
i ndi vi dual population nenber in the next generation is the
si npl est process of pronotion for any Genetic Algorithm The
next figure shows the reproduction to a new generation
graphically. Wen an individual population nmenber is selected
for reproduction the traits of the nenber, denoted as the
vector a through anin the figure below, are copied directly
into an available slot for a population nenber in the new

generation. No changes or rearrangenents are nade.

C n-1 1 n-1
G C
Figure 36: Illustration of Reproduction

The bi ol ogi cal equivalent of this process could be
seen as either survival of the individual or procreation
t hrough asexual reproduction, producing an identical copy of a
single parent in the new generation. This mechanismis often

assigned a significant probability of occurrence, although not
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as high as crossover. This same process is alternatively

cal l ed copying or pronotion.

b. Crossover

Crossover m mcs sexual reconbination in biologica
organisnms. Starting with two parent nenbers of the popul ation,
a nunber of distinct traits are swapped between mated pairs to
produce two offspring, each different fromthe other and al so
fromtheir parents, but with “genetic material” comon to the
famly |ine. Crossover is also controlled by probability,
again wusually weighted in favor of selecting nore fit
i ndividuals as parents. Li ke reproduction, crossover is
usual ly assigned a relatively high probability of occurrence,
usual | y exceedi ng the proportion assigned the other operators.
The programmer nust decide on values for sone specific
paraneters that are not required for sinple reproduction. Two
parents nust be selected based on fitness, rather than one.
The nunber of traits that will be crossed between mated pairs
must be determned, and then a process nust be included to
determ ne which specific traits this wll be. The specific
traits are often selected randomy to further pronote
i nnovative results. The figure bel ow shows an exanple of the

crossover operation at work.
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[ 3 B .. e e
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E, b, E. B, b,
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I:l1 az a‘g I:.n'l a"'
Figure 37: Illustration of Crossover

In the case shown in above, an individual wth
traits a through an has been selected to nmate wth another
menber with traits bithrough bn. The programrer has chosen to
use a three-point crossover, and traits with indices 2, 3 and
n have been selected to be swapped between the parents. The
resulting offspring are uniquely different from each other,
and each is also different from both parents. Yet both share
traits wth parents who were nore than likely to have been
ranked hi gher than the average in fitness. Population nenbers
whose vectors schenes have few traits nay be affected little

by crossover operations.*

c. I nversion

| nversion is an unusual reproductive mechanismin
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CGenetic Algorithnms, both for its effect on the selected
popul ation entity and because it really has no corollary in
bi ol ogi cal systens. If used at all, the probability of this
type of genetic operation is often set very |ow conpared to
the previously nmentioned cases. A single popul ation nenber is
chosen at random again weighted toward the fittest
i ndi vi dual s. Again, even nunbers of random indices are
chosen, usually two. There is no specific reason why only two
points mnust be wused for the process, but it keeps the
operation sinple and avoids unnecessary random zation of the
traits. The vector is then effectively folded between traits
with these two indices. This process is sinplest to understand
inillustration. A typical inversion operation is shown in the
next figure.

Any possible rearrangenent of traits can be
acconplished by successive inversions. Also, |ike crossover,
inversion has little effect on populations with individuals

that have only a small nunber of character traits.?®

90



1, ﬁa 1, ul LT aﬁ a's-ell aHE 1 1,
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Figure 38: Illustration of Inversion (After Holland p. 107.°)
d. Mutation

Mut ation is another probability-controlled process
whi ch introduces random changes to the characteristics of an
i ndi vi dual nenber, encouraging diversity in the population as
a whole and therefore increasing the chances of a unique and
ot herwi se unexpected solution. Directly analogous to the
bi ol ogi cal process of the sanme nanme, nutation can be easily
applied in tw distinct ways by the designer of a Genetic
Al gorithm Either the probability nechanism can be applied
the same way as with the other operators, with each individual
having a set probability of a nutation sonmewhere in the
individual’s traits, with another random process determ ning
which trait is effected, or in a nore conplex manner which can
have a dramatically different effect. Unl i ke previous
operators, arguably the nobst effective way to apply this

genetic operator is by allowng an extrenely small but non-
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zero probability of a random change occurring for each trait
in all individuals, rather than for the individual as a whole.
The probability nust be independent of whether nutation
occurred in adjacent individuals, or even in an adjacent
characteristic. This second nethod is undeniably nore
conputationally intense. Traits selected for nutation are
replaced with a random value within the designed limts of the

attribute. The figure bel ow shows the nutation process.

L el e a
EL2 :
3
] a_3 - a3
MUTATION
a'n—1 1“1
Figure 39: Illustration of Mutation

Al'l the characteristic traits for this individual, as well as

all other individuals in the population will independently be
tested against a snall operator-selected value for the
probability of mnutation. Wen & is selected for nutation, a
new trait value, a, is chosen at randomto replace it in the

new generati on.
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4. Stopping the Process

The final question that nust be answered by the
programrer is determning when to stop the process. |f an
exact solution is known, the code can be designed to stop on
its owm when it is achieved. However the use of a Cenetic
Algorithm in this case would be unnecessary! Conputational
constraints, such as progranm ng |anguage and hardware, are
not only factors that Iimt popul ation size, individual nenber
conplexity and fitness calculation intricacy, but also my
limt the allowed run tine on scarce conputing resources.
Genetic Algorithms wll rarely arrive at an exact solution
anyway, regardless of the amount of tinme allotted, due to
enbedded encouragenent in the process for continued popul ation
di versity. The code my include a process by which an
operator or the programitself may siphon off and observe the
results of the process every few generations in order to
determine if the algorithm is tracking in the desired
direction or has achieved a solution that is good enough to be
within set error |limts for the task required. Ei t her the
programrer can then interrupt the process, or it my be
programred to junp out of the iterative loop. Oher limting
factors may exist to curtail the run before the optinum
solution is achieved, such as cost of constructing a physical
device based on a Genetic Algorithm solution. By far the
sinmplest way to end the run is to set a counter and run a pre-
speci fied nunber of generations. At the end of these runs,
the final output is all or part of the population of the final
gener ati on. Records may also be generated of previous

generations, so that earlier sub-optinmal solutions nay be used
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that keep materials, |abor and conplexity within the avail able
budget .
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APPENDI X C.  NMAJOR COVPONENT | NVENTORY
COVPONENT MANUFACTURER MODEL# OR QrY | COST(9$) TOTAL
PART# COST( %)
Quadrature Anal og Devi ces AD8346EVAL 24 99. 00 2376. 00
Modul at or I nc.
T- FLEX M crowave SRC SRC402SF 24 60. 00 1440. 00
Cabl e 48"
T- FLEX M crowave SRC SRC402SF 24 60. 00 1440. 00
Cabl e 24"
Low vol t age SRC SRC316 120 | 25. 00 3000. 00
si gnal cabl es
IN, | P, QP, ON, PWUP
Power Divider 1x4 Meca El ectronics | 804-S-1.900- 1 193. 24 193. 24
M1
Power Divider 1x6 Meca El ectronics | 806-S-1.900- 4 306. 35 1225. 40
MD1
Local Oscill ator Z- Comm V8OOMELO 1 189. 00 189. 00
Amplifier Mni-Circuits ZHL- 42 2 895. 00 1790. 00
Di pol e ant enna Ci rexx N A 24 1500. 00 | 1500. 00
el enent s
DC Power Supply Total Power T-40C 1 47.00 47.00
I nt er nati onal
PXl - 1000B 8 sl ot Nat i onal PXI - 1000B 1 1777.50 | 1777.50
Chassi s I nstrunent s 777551-01
566 MHz Enbedded Nat i onal NI -8174 1 1615.50 | 1615.50
Controll er I nstrunent s 778466-01
DC Anal og Qut put Nat i onal PXI - 6704 6 1255.50 | 7533. 00
and NI - DAQ I nstrunents 777796-01
Cabl e Assy Nat i onal SH 6868- D1 6 112. 50 775.00
I nstrunents 183432-01
Term nal Bl ock Nat i onal TBX- 68 6 1277.00 | 7662. 00
I nstrunents 777141-01
AC Power Cord Nat i onal 763000-01 1 18. 00 18. 00
I nstrunents
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APPENDI X D ARRAY ELEMENT LOCATI ONS

X Y X Y
lambda lambda meters meters
0.9867 -2.0463 0.1233 -0.2558
-0.8122 2.8014 -0.1015 0.3502
2.6987 0.1517 0.3373 0.019
-0.7587 -2.3243 -0.0948 -0.2905
-2.6306 -0.6499 -0.3288 -0.0812
0.8127 -3.2592 0.1016 -0.4074
-0.5255 -1.4169 -0.0657 -0.1771
-3.4751 0.8568 -0.4344 0.1071
3.7282 3.4745 0.466 0.4343
0.3427 1.4871 0.0428 0.1859
-2.7574 1.617 -0.3447 0.2021
0.7775 -0.2081 0.0972 -0.026
-0.6698 1.5946 -0.0837 0.1993
-1.8204 0.038 -0.2275 0.0047
1.5092 -3.0926 0.1886 -0.3866
1.8897 1.3278 0.2362 0.166

2509 -2.904 0.3136 -0.363
0.5353 -1.1939 0.0669 -0.1492
0.6895 2.5003 0.0862 0.3125
-3.0297 -3.3727 -0.3787 -0.4216
-1.0561 -3.1206 -0.132 -0.3901
1.6611 3.1662 0.2076 0.3958
0.5352 3.2524 0.0669 0.4065
-1.6667 1.3779 -0.2083 0.1722
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APPENDI X E:  SYSTEM AND SUB- SYSTEMS SCHEMATI CS

MASTER EQUIPMENT
CONFIGURATION

6X
SH-6868-D1 DAC
120VAC INTERFACE CABLES
POWER
NATIONAL INSTRUMENTS PXI-1042 CHASSIS TERMINAL BLOCK
W/566MHZ EMBEDDED CONTROLLER MOUNTING ASSY
> 6 X PXI 6704 DAC'S 6 X TBX-68
MOUSE SRC-316 COAXIAL | | Q Q
KEYBOARD PHASE CONTROL N A P N
SIGNAL CABLES
MONITOR
24GHZ PHASE
2.4GHZ SIGNAL 5 4GHZ ZAGHZ_ — SHIFTED
SIGNAL - : 2.4GHZ
24 WAY ADI DIPOLE
Aé;‘bﬁéR ATTE‘ﬁﬂiTOR SIGNALL poweR SIGNAL | Aps346EVAL SIGNAL RADIATING
DIVIDER T-FLEX CCA T-FLEX ELEMENT
FREQ TUNING | 19VDC
CONTROL SVDC TYPIS?#(I)E#&EAENT
ccA
POWER
V80OMEL0
LOCAL
OSCILLATOR
5VDC POWER BUS
.
5VDC
SWITCH BOX
AMPILO
5VDC LO 15VDC AMP
POWER POWER
5VDC BUS POWER
T-40C POWER SUPPLY SUPPLY
120VAC
POWER
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CONTROL SIGNAL ROUTING

DAC2 DAC3 DAC2 DAC5 DAC6 DAC7

PXI-6704

DAC's NUMBERED
ACCORDING TO
CHASSIS SLOT
NI PXI-1042 DESIGNATION
CHASSIS W/
566MHz
EMBEDDED
CONTROLLER
[
| SH-6868-D1
183432-01
CABLE ASSY
SH-6868-D1
183432-01 TBX-68
CABLE ASSY TERMINALBLOCKS
TERMINAL
B2 TB5 BLOCK BOARD
ASSEMBLY
B3 TB6
TB4 87
24 IDENTICAL

SRC-316 -
SIGNAL

CABLES

CONFIGURATIONS

A

LOIN
INPUT
FROM LO
CKT

ADI
AD8346EVAL
CCA

Y

VOouT
TO DIPOLE

PWUP
TO5VDC
POWER
SUPPLY
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LOCAL OSCILLATOR SIGNAL SCHEMATIC

ELEMENT 01

ELEMENT 02

VNA
SIGNAL
SOURCE -6dB INLINE
SUPPLY ATTENUATOR
. (;:NF)LCI).I%EOSE o > Meca Electronics
VBOOMELO0 2 = 4-way Power Divider
= % 804-s-1.900-MO1
Local ]
) out
Oscillator +30dBm
AMPLIFIER
ouT
| PROVIDES ELEMENT CH
7 19-24
Meca Electrinics
6 oy Deovainy nadAr /_ PROVIDES ELEMENT CH
d 1318
Meca Electrpnics
hiclar __— PROVIDES ELEMENT CH
' 07-12
Meca Electrinics
6 s Deowaine N sidar
CH 24 _ ‘ PROVIDES ELEMENT CH
Meca Electronics 01-06
\ 6-way Power Divider
806-s-1.900-MO1 ADS346EVAL CCA
ELEMENT 01
w
)
CH 02\ cHoL g
<—
Analog Devices
24 ELEMENT OUTPUTS | ADBB46EVAL
to each Quad w
o)
|~ ADB34GEVAL CCA~ ADBAGEVAL g
LO IN@ +10dBm Analog Devices
AD8346EVAL
Quadrature Modulator
(Phase Shifter)
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Quadrature Modulator
(Phase Shifter)
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POWER SUPPLY CONFIGURATION

0.5-4.5 VDC OUT

FREQ TUNING
1K OHM
FREQTUNE
HELIPOT
- MINI-CIRCUITS
Z-COMM 2.4GHz LO swiTcH ZHL-42 AMP
V80OME10
ON/OFF
SWITCH
5VDC 15vDC
ouT ouT
AD8346EVAL
PHASE
SHIFTERS
120 VAC
INPUT
POWER

A

TOTAL POWER INC

D

T-40C DC PWR SUP

(

[\

ELEMENT 01

5VDC PWR /\
ELEMENTS 01-12

D

(

[\

ELEMENT 02

5VDC 5VvDC
SUPPLY TERMINALS
1&2
AD8346EVAL
PWR UP /\
N
/ Q
PXI-1042 MONITOR ELEMENT 24
(I;:{/IQSE?SEVI\DH EMBFEODRDED 5VDC PWR
CONTROLLER CONTROLLER ELEMENTS 13-24
120 VAC
POWER
SUPPLY

102



ELEMENT# CABLE# SIGNAL DAQ#

W W WWMNNNNREPRPR PP

011
012
013
014
021
022
023
024
031
032
033
034

APPENDI X F:

Pl N

QUTS

TERM NAL BLOCK PI' N CONNECTI ONS

IN
IP
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN

2

N NDNNDNDNMNDNMNDNDNDNDNNDN

VCH#

© 00O NO OB~ WDNPF O

PIN#
34
66
31
63
28
60
25
57
22
54
52
17

+B¥

OGND

Moo

OGND

Dim

OGHD

Doz

RFU

[UVE]

OGND

Dima

RFU

DiDs

OGND

DIDe

OGND

o7

AGND

ICHa1!

VCH1s

AGND1SAGNDA

ICHan!

VCH1

AGND14'AGNDao

ICHza!

VCH13

AGND1ZAGND29

ICHza!

VCH1z2

AGND1Z/AGND2B

ICHz

AGND11/AGND2?

WCH1

ICHz6"

AGNDAWAGND26

VCH1n

AGND

ICHz5!

AGNDWAGND25

VCHa

IGHza1

AGNDafAENDz2a

VCHa

AGND

ICHza!

VCH?

AGNDWAENDz23

ICHz2!

VCHE

AGND&FAEND22

ICHz11

VCHs

AGNDSAGND21

ICHzm

VCHa

AGNDWAEND20

ICH18!

VCHa

ACNDIAGNDE

ICH18!

VCHz

AENDZAGN DR

ICH1

VL

AGNDIAGNDY?

ICH161

HEA R ETH B EEEEHEEHHEH R E E HEEHE R R R B R S R

VCHo

R e R R e e e =L e R A R L T E R R

AGNDWAENDE

AGND#

© 0O NO O~ WDN PO

B
= O

PIN#
68
33
65
30
62
27
59
24
55
20
18
50



PIN#
49

AGND#

12
13
14
15

PIN#
15
47

VCH#

ELEMENT# CABLE# SIGNAL DAQ#

12
13
14
15

IN
P

041
042
043
044
051
052
053
054
061
062
063
064
071
072
073
074
081
082
083
084
091
092
093
094
101
102
103

14
46

12
44
34
66
31

QP

11

ON

68
33
65

IN
IP

QP

30
62

63
28
60
25
57

ON

IN
IP

27

59

3

QP

24
55
20

ON

22
54

52

IN
IP

18
50
49

10 10
11 11

3

QP

17

ON

12
13
14
15

15
47

12
13
14
15

IN
IP

14
46

12
44
34
66
31

QP

11

ON

68
33
65

IN
IP

QP

30
62

63
28
60
25
57

ON

IN
P

10
10
10
10
11
11
11
11
12
12
12
12
13
13
13
13
14
14
14
14

27
59

QP

24
55
20

ON

104
111
112
113

22
54

52

IN
IP

18
50
49

10
11

10

11

QP

17

ON

114
121
122
123

12
13
14
15

15
47

12
13
14
15

IN
IP

14
46

12
44
34
66
31

4

QP

11

QN

124
131
132
133

68
33
65
30
62

IN
IP

5

QP

63
28
60
25
57

ON

134
141
142
143

IN
IP

27
59

QP

24

ON

144
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ELEMENT# CABLE# SIGNAL DAQ#

15
15
15
15
16
16
16
16
17
17
17
17
18
18
18
18
19
19
19
19
20
20
20
20
21
21
21
21
22
22
22
22
23
23
23
23
24
24
24
24

151
152
153
154
161
162
163
164
171
172
173
174
181
182
183
184
191
192
193
194
201
202
203
204
211
212
213
214
221
222
223
224
231
232
233
234
241
242
243
244

IN
P
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN
IN
P
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN
IN
IP
QP
QN

5

N NN NNANANANANANANANANANANANOOD OO0 OO0 OO0 OO0 OO U1 O OO O OO

VCH#

© 00O NO OB~ WDNPF O

e e =
O~ WNRFR O

© 00 ~NO UL~ WNPF- O

e < =
g hwWNRO
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PIN#
22
54
52
17
15
47
12
44
34
66
31
63
28
60
25
57
22
54
52
17
15
47
12
44
34
66
31
63
28
60
25
57
22
54
52
17
15
47
12
44

AGND#

© 00O NO OB~ WDNPF O

e e =
O~ WNRFR O

© 00 ~NO UL~ WN - O

e =
g hwWNRO

PIN#
55
20
18
50
49
14
46
11
68
33
65
30
62
27
59
24
55
20
18
50
49
14
46
11
68
33
65
30
62
27
59
24
55
20
18
50
49
14
46
11
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APPENDI X G PATH LENGITH PHASE ERROR CALI BRATI ON

( OFFSETS)
ELEMENT OFFSET
(PATH LENGTH ERROR)
01 000.0
02 072.8
03 046.3
04 103.4
05 101.8
06 082.8
07 048.5
08 093.2
09 096.1
10 051.6
11 035.1
12 019.4
13 039.5
14 008.6
15 043.9
16 037.6
17 075.3
18 040.5
19 086.7
20 119.7
21 034.4
22 030.8
23 003.5
24 061.3
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APPENDI X H:  CABLE NUVBERI NG CONVENTI ON

Desi gnation and identification of AD8346eval Quadrature
Modul at or cabl e connections. Using three digit nunerical
series, each cable is | abeled according to the foll ow ng
conventi on:

XXX = XX El enent Nunber 01-24 - X Cable ID 1 - 1IN
2 - 1P
3 - QP
4 - N
5 - 5 VvDC PWJP

For exanple: 073 = AD8346 el ement #7, QP signal cable input.

Local Gscill ator/ ADS8346EVAL VOUT T- FLEX cables I D | abel ed as
foll ows:

XX = El enent Nunber 01-24
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